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CONDIP is an extremely versatile design tool, incor-
porating a detailed analysis of the complex steam-side
thermodynamic processes occurring at each row in the
condenser. The additional capability of tube enhancement
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CONDIP capable of completing an analysis even when thermo-
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all constraint and objective function evaluations. A
series of t cases were conducted to evaluate and com-
pare the im- r-ance of various objective functions and
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A BSTBACT

A surf ac-condenser analysis coda was coupled with a

constrained function miniization code to produce an auto-

sated marine condenser design and optimization package. The
program, CONDIP, was based on the principles developed in
ORCONl, a sophisticated computer code produced by the Oak
Ridge National Laboratory. CONNIN, the optimiza-ion program,

was developed at the hoes Research Center.
CCNDIP is an extremely versatile design tool, inccrpo-

rating a detailed analysis of the complex staam-side thermo-
dynamic processes occurring at each row in the condenser.

The additicnal capability of tube enhancement is also
included. However, in coupling CONDIP with CONNIN numerous
problems had to be overcome in order to make CONDIP capable

of ccmpletr.g an analysis even when thermodynamic conditicns
in the condenser became infeasible. This haa to be accom-
plished while ensuring continuity in all constraint and

objective function evaluations. k se iz-s of test cases were
conducted to evaluate an compare the importance of various
objective functions and design criteria.
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1. !RODUCTP-N

A. BACKEOUND

For many years the steam plant was unchallenged in its

role as the primary type of marina propulsion systems. But

recently gas turbines have become a desirable alternative

despite the fact that they a-e lass efficient than compa-

rable steam plants. The primary alvanzage of gis turbines

is their light weight and compact size. Thus, in crder for

the marine steam plant to survive, it is imperative that

lighter, more compact and efficient steam plants be

developed.

While there are numerous advanced concepts i . all areas

of steam propulsion which can be ezplo-Zd, one simple way to

streamline the steam plant is the elimination of overdesign.

Most overdesign is due to unnecessary safety factors used to

offset lack of detailed knowledge about the thermal

processes in the plant. Identification of the ainimum safe

design could significantly reduce unnecessary overdesign and

result in the development of a smaller, more compact power

plant.

B. INTHODOLOGY

In the United States the most prevalent criterion for

the design and specification of surface condensers is based

on the "square-root of TO relationship, as developed by the

Beat Exhange Institute (HEI) lef. 1 ]. The HEI method was

adopted by the Department of the Navy Bureau of Ships (now

Naval Sea System Comaand) for specification of U.S. Naval

condensers.

10
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The HEI method is very simple in its approach, calcu-

lating the overall heat transfer coefficient as a func-ion
of cooling water velocity through the tubes, inlet coolant

temprature, tube wall thickness and material, and fouling.

The limitations of this method ar3 apparent. Designs based

on HEI are insensitive to shell-side conditions. Saturation

steam pressure, temperature and enthalpy are assumed to be
constant as steam passes through the bundle, whereas in

reality there is a continual pressure drop as steam flow

passes over the rows of tubes, with a corresponding decrease

in saturaticn temperature. There is also no prcvision for

any effects of condensate film, axternal tube enhancement,

etc. on the shell-side of the bundla. In addition, the HEI

method does not account for the presence and effect of non-

condensible gases that inevitably contaminate a condenser.

With the capabilities of high speed computers now avail-

abla, more comprehensive methods have been developed to
account for the deficiencies of the HEI method. In partic-

ular, a radial flow computer code was developed to calculate

the local heat transfer and thermodynamic properties on a

row by row basis. Known as ORCONi, :his code was developed
by Oak Ridge National Laboratory (ORNL) under contract to

the Office of Saline Water during the period from 1968-1970

(Ref. 2]. The program was based , in part, on the work

performed by Eissenberg (Ref. 3]. Eissenberg's experimen al

results led to correction factors on the basic Nusselt equa-

4 tion to acccunt for condensate inundation effects on tubes
within a condenser bundle. Basically, ORCONI divides the
condenser into sectors and performs a row by row analysis

within each sector, determing local heat transfer coeffi-

cients, heat flux, steam characteristics, the effect of

condensate inundation and numerous other parameters at each

row. ORCONI is also capable of incorporating the effects of
both tube-side and steam-side enhancement factors. Since

11
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ORCONl represented a such sore comprehensive and detailed

analysis of -the condenser then tha less exact HEI method,
its results could be expected to be more precise.

Some work has been done at the Naval Postgraduate School

to improve the capabilities of ORCaN1. In his levelope.ment

of OPCODE2, Johnson (Ref. 5] added subroutines to ORCONi

which calculated tube-side pressure drops, corresponding

pumping power and condenser volume. Nunn and Marto (Ref. 141

have incorporated the effects of vapor shear in an amended

version of ORCONI called MORCON. I3RCON includes the corre-
lations developed by Fujii [Ref. 4] to determine the effect

of vapor velocity on the thermal resistan~ce of the conden-

sate film on the condenser tubes. In general, vapor shear

effects tend to enhance the condenser heat transfer on the

steam-side of the tube while condensate inundation tends to

inhibit it.

The ability to represent numerically the actual thermo-

dynamic processes occurring within the condenser has
improved dramatically. However, the capability to couple

these increasingly comprehensive and complex condenser

design programs with an optimizing procedure has not made

comparable progress. Optimization is a powerful tool which

can help in reducing overdesign and achieving the goal of a

safe compact condenser design.

There are currently numerous computer optimization

programs available which can be coupled with general design

programs of all types to numerically improve and ultimately
determine the best design. The key is to properly write the

design program so that it is compatible with the optimizer.

Johnson (Ref. 5] developed a computer program called

OPCODR1, based on the HEI method of condenser design, and

was able to couple it with one such numerical optimizer. The

results of OPCODZ1 demonstrated how condenser designs can

indeed be safely improved upon. It also revealed the

12



versatility of condenser design optimization as a powerful

design tool. However, Johnson was unsuccessful in coupling

OPCOD22 (his derivative of ORCOMll) with an optimizer. This

failure does not alter the fact that that in order to fully

appreciate more sophisticated condenser design analyses,

such as that used in ORCONi, it is imperative that computer

programs be developed which will be compatible with current

numerical optimizers.

C. OBJECTIVE

There were two primary objectives of this thesis. The

first objective was to develop a computer code which incor-

porates the basic condenser analysis of ORCONI and the

subsequent improvements made in M3RCON and OPCODE2, but

which will be capable of being coupled with a numerical

optimizer to yield a complete, -etailed design package.

This design package can then be used as a tool in obtaining

a such more reasonable conceptual design and for use in

comparison studies. It would provide the naval architect
the ability to optimize weight, volume, cost or any other

potential design objective of the marine plant.

The second objective was to make this design package

capable of determining the single best design rather thanI
simply an improvement over the initial design. The key was
to construct the program in such a way so the optimizer does

4not stop at some relative optius, but continues the anal-
ysis until no further improvement -an be realized. It is

most desirable to be able to reach this single true optimius
4' design regardless of initial design variable values.

13
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1I. NuffulgIj QUIPTITO1

A. BACKGROUND

Nearly all design problems require either the minimiza-

tion or maximization of a parameter. This parameter will b,
called :he problem's objective function or lesign objective

(Ref. 6]. For a given design to be feasible or acceptable,
it must satisfy a set of design constraints which are eitber

maximum or minimum limiting values for a pre-determined set

of parameters or functions of parameters. For example, in

any condenser design the outer diameter of a condenser tube

can never be less than zero and there is normally some prac-

tical upper limit which also cannot be exceeded. These.

limits.are design constraints on the tube outer diameter. In

the design problem there is also a set of design variables

which are parameters whose values can be changed within

specified limits in order to minimize or maximize the design

objective. For example, in minimizing the condenser volume

an engineer may want to vary tube inner diameter, tube wall
thickness and tube length. These three parameters would thus

I ~ be examples of typical design variables.
For such complex design problems as the treatment of the

condenser design in ORCONI, it is necessary to choose an

optimization scheme which can handle the problem and provide
a rational, rapid approach to design automation and opti-
mization. An optimization program based on direct methods

for solution of constrained problems (Ref. 11] was chosen

for this research work.

14



1

B. CONSTRAIND FUNCTIOi 121I5Z&TIOE (CONlNI)

Vanderplaats (ef. 71 developed an optimization prograu,

* CONNIi, capable of optimizing a very wide class of engi-

neering problems. CONSIN is a fortran program, in subprogram

* form, that optimizes a multi-variable function subject to a
set of inequality constraints.

It is practical at this point to introduce three basic

definitions and their respective conditions Rerf. 61.

!kS 2XLI: Those parametars which the opti heztion
proqran ms--faitted to change in order to improre'the
esign. Pesin variablis appear oely on the r o oftlon, are continuou, and have continuous first

derlvatives.

Z: Any ar meter which must not exceed
Z~~Ii1 D~aM I tb k aesi gn to be acceptable Design

constr ants ayb e near or nonlinear, iemlicit or
explicit, .but they mlst be functio;s of the deignvari
ables. Design constraints appear only on the left siae of
equations.

Tr which is oina to be
a W *s a dufu9i. alhe 4 pizao*n. process.

Te .objectvo also be either o aear or
nonlimne~, ~.sPA191.i.or explcit nd eut be ea functin
of the Ies nvaraes. The ob ective unct.on usually
appeas on the left side of an equation The. only excep-
t on if the objective functiod is also a design vari-
able.

Assuming that the optimization process requires the

minimization of a particular objective function the general

optimzation problem can be stated as:

Find the vector of design variables, ,

To ininize the obtcttye function, Fib, ,Sublect to the constrants:

G(1) S 0.0 j * 1,1CON (eqn 2.1)

YLDi S IS VUi i = 1,IDT (eqn 2.2)

In the general problem, Gj(J) are the constraint

functions; there are iCON constraints and IDT design

$ 15



variables; YL3iand VU3iare the lover bounds and upper bcmnds

of the i-th design variable. If the equality conditicn is

met, (Gj (1)=O.) , the constraint is active. If the inequality

is met, (Gj(D<O.), the constraint is inactive. Finally, if

the inequality of equation 2.1 is violated, (Gj(&)>O.), that

constraint is said to be violated. Because of numerical

inaccuracies representing exact zero on the computer, the

equality condition is represented by a band around the value

Gj(X)=(O.*CT) where CT is the constraint thickness.

Any design which satisfies the inequalities 3f equations

2.1 and 2.2, thus having no violated constraints, is said to

te feasible. If the design violates any of these constraints

it is said to be an infeasible design. The design which best

minimizes the objective function while still remaining

feasible is said to be optimal.

CON5IU requires an initial set of values for the design

variables I to obtain an initial design which is either

feasible or infeasible. If the initial design is feasible,

CONIIN moves in a direction which will minimize the objec-

tive function. If the initial design is infeasible, CONMIN

moves toward a feasible solution with minimal increase in

the object function.

The optimization process proceeds in an iterative

fashion. Johnson [eo. 51 presents in greater detail the

procedures utilized in CONMIN to search for the minimum
objective value. In general, the methods used by COIHIN to

determine search direction include the method of steepest

descent, the method of conjugate direction, and the method

of feasible directions. For further background concerning

COISP and the numerical techniques utilized in optimiza-

tion, consult Vandexplasts Clef. 71, Fletcher and leaves

Clef. 9]e Zoatendijk Clef. 10] amd Vanderplaats and loses

Clef. 121. Bowever, it is necessary to stress a few

pertinent points which will aid in understandinq how the

program was developed in this thesis.

16
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The optimization process begins by calculating the
gradient of the objective function asing a finite difference

technique. & perturbation is applied to each of the design

variables in a single forward step and the gradient vector
is determined.

The search direction is then calculated and is a function of

this gradient and any active or violated constraints

resulting from the applied perturbation. Subsequent search

directions are a function of previous search directions, as

veil as current gradient information and any appropriate
constraint factors. Obviously, the size of the perturbation
and the size of the bandvidth about an active constraint

will have a great deal of effect on the search direction and
ultimate optimization process. This detail will be recalled

later-on during the code development.

There are some limitations to COIMIN. The number of
design variables (NDY) directly affects the computational

time required to reach an optimum. Since the calculation of
the gradient information required for each design variable

at the beginning of each design iteration is found by using

a single forward finite difference step, requiring a
complete pass through the analysis portion of the program,
there is an increase in CPU time as ID inceases. Also, as

DTY increases, there is the corresponding rise in machine

related numerical innacuracy. Vanderplaats (Ref. 6] recon-
muds no more than tienty as a practical limit for the
number of aesign variables.

It is quite possible that while design improvement my

be obtained, the single best design optimum or true optimum

17

i/ ' - I' * -



I r " I M • III H 11i... ..

may not te reached. This is not an uncommon occurrence and

there are several possible explanations. For example, the

design problem may not be formulated properly or the anal-

ysis may be extremely complex and non-linear. However, a
more common reason is that there are "relative optimuns"
between the initial design and the single true optimum. This
concept of relative vs true optimum design can be better

explained through an analogy. The search for the best

optimum design can be likened to a blind man climbing to the

top of a mcuntain. The blind man knows he is proceeding up

the mountain by sensing the direction of ascent. However,

the paths he takes may be lisitae by barriers or fences

which will restrict the directions he can go. These fences

represent constraints in the optimization problem. During

the journey he may also encounter small crests and valleys.

If the available paths lead the blind man up to one of these

crests prior to reaching the mountain top, he will be

confronted with a situation where he will sense no further

rate of ascent and he will stop his journey. So although he

has made progress from his initial starting point, the man
did not achieve his ultimate goal of climbing the mountain.

During optimization, the search for a true optimum say
proceed along a path cn which the objective function assumes

such relative optimum values. If the optimizer can not be

made to "look beyond" these relative peaks, then the opti-
ization will cease - at a design which may be an improve-
ment over the initial one but short of the true optimum.

This problem may be overcome by starting the design with

several different initial design vectors, X, until the same

optimal design is repeated. Another alternative may be to

increase the size of the finite difference so that the opti-

sizer uses larger perturbations of K thus looking beyond any

small increases in the objective function which could stand

in the way of further design progress. This second

18
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alternative will be specifically addressed during the.

discussion of the code development.

C, COITROL P3OGR PON EIGINERINIG SYNTHESIS (COPES)

The optiaizer, CONXIM, vas written in subroutine form.

simplify the use of CONIN ani aid in the design optimiza-

tion process.

The user must supply an analysis subroutine called

AVALIZ, which consists of three segments: input, analysis

and output. COPES acts as an interface between &kNALIZ and

the optimizer CONIN. Based on a flag from COPES

(ICkLC1,2,3) ALIZ performs the proper function. Figure

2.1 offers a simplified illustration of the interrelation-

ship tetween COPES, AVALIZ and CONSIN.

-ca P I 4 C N I

II

t/-4
/-"I

, I

rigare 2.1 Plow DJsqcte Pat: kLILI and OPIS/COIR~iV.

COPES currently provides four specific capabilities, two

of which will be applied in this work:

19
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1. Single analysis - just as if COPES/CONMIN were not

used.

2. Optimization - minimization or maximization of a multi-

variable function with corresponding constraints.

c0PES requires certain initial dati from the user in order

to coordinate the optimization proc-ess. Initial values for

the design variables as well optimizer control parameters

are utilized by CONMIN to conduct its numerical analysis.

There are a few optimizer parameters which are particularly

important to the treatment of condenser designs. One is the

finite difference step used in gradient cilculations.

Another is the normalization factor used in COPES evaluation

of a constraint function. COPES utilizes the following

expressions in determining constraint function violations:

~r~tT!5 0.

-- 5 0.

where SCALd and SC&L2 are the normalization factors, BU and

BL are the upper and lower limits of the constraint, and CFV

is the ccnstraint function value. It is intuitive that the

normalization factor can play an important role in deter-I I mining the size of the active region about a given design
constraint. Both finite difference and constraint normali-

zation will be recalled later during the code development.
The power of COPES is that it has simplified the proce-

dures involved in using a sophisticated program such as

CO2SI1. The user is therefore freed from the unwanted role
of systems analyst and can concentrate on the design

analysis.

20



111.. iitl G" BISDEI I~fNlZ Mij (ro_ wDj)

A. BACKGROUID

In the late 1960's, engineers at the Oak Ridge National

Laboratory developed a sophisticated computer code under

contract to the Office of Saline water. This code, called

ORCONI, [Ref. 2] was generated to aid in the analysis and
parametric study of large, generally circular condensers.

Much of ORCONI was dependent on Eissenberg's research work

[Ref. 3] on the effects of condensate rain on the shell-side

convective heat transfer coefficient. Johnson [Ref. 5] took

ORCONI and made a few minor modifications to determine tube

side pressure losses and volumetric calculations. Nunn and

Marto (Ref. 14] further incorporated the correlations

proposed by FuJii [Ref. 4] to determine the effects of

shearing forces exerted by high vapor velocities on the

condensate fila and resulting shell-side heat transfer

coe f f icient.
It was at this point that the 19velopment of CONDIP was

begun. COIDIP was dependent primarily on the principles

detailed in ORCONI but also incorporated subsequent develop-

ments to the basic prcgram. CONDIP was written , however, in

such a way as to be ccopatible with the optimizer, CONMIN.

CONDIP analyzes a single or double pass, circular or4semicircular condenser, with steam flowing radially inward

on the shell-side of the tubes and variable salinity water

flowing on the tube-side. An optional, rectangular air

cooler bundle is provided-for as well as shell-side baffles.
*The circular bundle is normally divided into 30-degree

sectors with symmetry about the central axis to reduce

computational effort. Unless otherwise specified, tubes are
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placed on a 60-degree equilateral, triangular pattern of

concentric rows with the rows added from an inaer void ou:

to the outermost row. The void serves as a collection header

for nen-condensible gases prior to passage through an air

cooler, if specified. As in ORCONi, CONDIP proceeds sector

by sector, row by row through the condenser util'7inq an

average tube to represent the row segment, and calculates

the following quantities in each sector:

a) Steam pressure Icsses at the entrance of a sector.

b) Total pressure of the steam/non-condensible gas mixture

entering a row segment.

c) Saturation pressure of steam entering a r~v segment.

d) Saturation temperature of the steam entering a row seg-

ment.

9) Steam !low entering the row segment.

f) Veloci--y of the steam/non-condensible gas mixture at

the minimum cross-section in the row segment.

g) The fraction of non-condensible gas in the mixture by
weight.

h) The overall heat transfer coefficient for the average

tube in the row segment.

i) The steam-side condensing coefficient.

1) The tube-side heat transfer coefficient.

k) The shell-side film heat transfer coefficient composed

of the non-condenible gas film and the condensate film.

1) The shell-side friction factor.

a) The shellvside pressure loss as steam passes over the
row segment.

n) The shell-side Reynolds number based on the mass flow

at the minimum cross-sectional area in the row segment.
o) The heat transfer rate per square foot of condenser

tube.

p) The mass flow rate of steam/non-condensable gas mixture

at the minmum cross-section in the row segment.
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I
q) The mass flow of condensate produced as steam passesr ever the row segment.

r) The cooling water temperature at the outlet end of the

ccn denser.

s) The coolant pressure loss on the tube-side.

t) The average Reynolds number of the coolant through the

tube.

u) The heat transfer coefficient for the non-condensible

gas film.

v) The internal heat film heat transfer coefficiertt.

w) The number of tubes per row segment.

x) The cross-secticn area available for steam flow per row

segment.

y) The cumulative shell-side pressure drop.

z) The LETD based on inlet and outlet coolant temperatures

and saturation temperature at each row segment.

In addition to the above parameters, the area-weighted

overall heat transfer coefficients for the condenser, cooler

and ccmbined condenser are used to calculate the "back

calculated" log mean temperature difference (LRTD). Steam

exit-fraction, condenser volume, coolant pumping power and

numerous other factcrs are calculated from the cumulative

rusults of the row and sector analysis.

There are two significant contributions to the external

film heat transfer coefficient which have a profound impact

on the overall analysis. As mentioned earlier, Eissenberg

*1(Ref. 3] corrected for condensate inundation effects on the

external heat transfer coefficient with a series of emper-

ical relations. Be created a flooling factor F using the

following relation:

F n  .67 (I - .5647 F d)ns (eqn 3.1)
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where F d is a constant indicating the effect of tube spacing

and orientation on ccndensate side drainage. With clcsely

packed tubes, significant side drainage can occur in low

velocity steam flow. Condensate generated on tubes above

may, due to surface tension effects, proceed laterally to

adjacent tubes rather than down. rhas Fd tends to approach

1.0 for closely packed, staggered tube bundles and zerc for

disperse bundle layouts. S is a constant :anging in value

from:

(.07 < S <.25)

If the condensate rain is acting under the influence of

gravity alone S approaches 0.25. But the influence of any

steam velocity present begins to alter the rate and dizec-

tion of condensate flow and correspondingly decrease S. Thus

S is a function of vapor velocity and directon, as well as

bundle geometry.
The condensate film coefficient for the average tube in

the n-th vertical rcw is then calculated from the uncor-

rected heat transfer coefficient, ho , as follows:

h" nF - (n-1) ] ho  (eqn 3.2)

It is obvious that the determination of a corrected heatI transfer coefficient is highly dependent on the choice of S
an Fd in equation 3. 1. S and Fd are extremely subjective

constants and there does not exi3t a current analytical

expression to determine then. Yet the choice of these

4i constants can have profound impact on the condenser design.

In CONDIP, as in ORCCNI [Ref. 2], the following, relatively

conservative values for S and Pd were used:

S a 0.2

F d 0.5
d
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!.M.
An additional important contribution to the exv.ernal

film coefficient is the effect of velocity shear fcrces on

a the condensate film. pujii [Ref. 4] developed the fcllowing
experimental correlations to correct the Nusselt number for

the effect of velocity shear:

[Nu /Nu c Nu( 4 a- l) ae(.5-Za) (eqn 3.3)

where Mum is the mean Nusselt number, ReL is the two-phase

Reynolds number (based on vapor vel3cit.y, tube outside dram-
eter and kinematic viscosity of tha condensate) and Nu0 is
the standard Nusselt number for the zero shear case. The

empirical constants cl and a lie within the following ranges:

1.13 < c 1< 1.24

0.196 < a < 0.2

depending on how tube thermal conditions are described. in
CONDIP the values for cland a were:

c 1= 1.24

a =0.2

It should be noted that equation 3.3 is only valid in the

range:

3.3 < (ReL /Nu < .28.

Por smaller values of this parameter Fujii recommends the

use of a slightly reduced value of the standard Nusselt

number:

Nu - 0.96 Nu (eqn 3.4)
m 0

It is apparent that the vapor velocities commonly

encountered in naval condensers can have an impact on the

heat transfer coeffcient.
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B. CODE DEVELOPMENT

Johnson [Ref. 5] attempted to couple OPCODE2 (his

version of ORCONI) with the optimizer CONIN, but with

little success. There were several reasons for this.

ORCONI uses iterative techniques to solve fo: such quan-
tities as condensate rate, steam mass flow rate and steaa

pressure through the sector. If unrealistic values are

encountered, such as negative pressures or steam flow, or if

the final steam exit-fraction exceads a predetermined value,
ORCON1 st-ops the analysis, returns to the beginning of the

program and changes certain initial input parameters. The

analysis begins again and the process is repeated until a

satisfactory design is achieved. Thus ORCONI has a limited

capability to make design decisions to obtain a feasible

design.

CONNIN, as do most optimizers, requires complete control

in determining all iterative design variable values. As

explained earlier, it uses perturbation techniques to calcu-

late gradient information for each design variable and

active design constraint, which it then uses to determine

search directions. A perturbation of the design var!±-ble by

CONMIN requires a complete, once-through analysis. 'f ORCONI

is coupled with CONNIN then any adjustment by ORCONI will

yield false gradient information to the optimizer and

hinder, if not completely prevent, CONNIN from arriving at
4 the optimum design. During program development it became

apparent that the two programs were working independently
against each other and that in i:s prasent state ORCONI was

incompatible with CONNIN.
In the formulation of CONDIP, it was necessary to locate

and neutralize all the places where such design decisions
are made. By removing the ability for CONDIP to make any

design decisions it became totally passive and dependent on

CONMIN for design variable changes.
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However, once this vas accomplished, another problem

area was discovered. In the ORCON1 code and subsequently in

CONDIP there are numerous thermal process and properties

calculations that use logarithmic functions and other mathe-

matical relationships which could produce singularities if

the variables in the arguments approach zero or are

negative. Fr example, saturation steam temperature is

calculated from steam pressure using a logarithmic relation-

ship. If, during a design analysis, saturation pressure

approaches a negative value, this represents a clear viola-

tion of physical realities and of the limits of that prop-

erty. Yet a computer cannot make that distinction so it

tries to calculate the corresponding saturation temperature

which, because of the logarithmic relationship, would be

undefined. ks just explained, ORCONi with its built-in deci-

sion capability simply starts over when this situation is

encountered. But CCNDIP, being completely dependent on

CONNIN for design decisions, does not have that capability.
Pemeabering that CONHIN requires a complete once-through

analysis in order to collect enough information to make a

design decision, it was necessary to somehow bypass such

mathematical instabilities in ordar to keep the program

operating. 1et the analysis still had to yield reasonable

results from the given design in order to obtain meaningful

gradients. This prompted the formulation of mathematical

relationships to create "penalty" constraints which, if

properly written, would indicate to the optimizer that a

function or thermal property has violated its physical

limits. However, not only would penalty constraints have to

be defined, but a "fix up" or "correction" of the violated

property or variable would be required in order to allow the

analysis to continue. A good physical understanding of the

inter-relationship between condenser parameters and the

thermal prcesses resulting from the condenser design is
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necessary so that the "fix up" of the violated property

would still yield fairly accurate condenser information on

which CONNIN could base its search for the optimized design.

For example, a condenser is usually designed around a

given steam load. If the condenser has too many tubes, is

too long, or coolant flow is too great, then the condenser

will be overdesigned. There will be dry tubes within the

condenser as all the steam is condensed before steam flow

reaches the inner void. In CONDIP this means that zero or

negative steam flow will be encountered in the analysis.

If, on the other hand, tube surface area is too small,

coolant flow is inadequate or the condenser tube spacing is

too tight and is choking the steaa flow, then one of two

things will happen. Either a quantity of uncondensed steam

will make it completely through the condenser, or steam

pressure loss in the condenser will cause steam pressure to

drop below zero. In addition, there are two reasons why all
the steam might not condense. It could be simply due to

insufficient heat transfer surface area or it could be

because the saturation temperature of the steam has Iropped

below the coolant inlet temperature. If the latter situation
occurs, then there is no driving force for heat to transfer
from the steam to the coolant. There is only one way that

this situation can occur: if steam saturation pressure drops

below some value indirectly determined by the coolant inlet
temperature. In any event this condenser is certainly

underdesigned and nct capable of supporting the required
i ' steam load.

As stated earlier, the purpose of optimization is to

obtain the best, feasible design. 1hus, an understanding of
the relationship between the physical characteristics of a

given design and the subsequent thermal performances will

certainly help in defining the appropriate penalty

constraints and their corresponding limizs. It will also
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aid in the determination of appropriate "corrections" when

those limits are violated. It is important to note that with

the introduction 3f these penalty constraints. the defini-

tion of a feasible design is revised. k feasible design Is

now defined as one in which thermal properties and functicns

are not allowed to violate their physical limits, as well as
other design constraints, anywhere in the condenser.

In CONDIP there are three basic thermal properties which

could create the above mentioned problems if -hey fall below

a certain value. They are steam saturation pressure, steam

flow and steam temperature. Because of the direct relation-

ship between steam saturation pressure and temperature, it
was possible to deal with them simultaneously. The solu-

tions that were developed to overcome the effects of these

thermal violations determined the extent which CONDIP would

optimize.

1. Ulu 1kLwUfi t

One source of mathematical instabilities within the

program is if steam flow over the tubes falls to zero or

below. It is intuitively obvious that steam flow can not

physically fall below zero and that in order to keep the

program running the steam flow rate must be kept greater

than zero. However, correcting for this alone would

certainly alter the results of that particular condenser
design, perhaps even imply a feasible design.

To indicate to the optimizer an infeasible design

was actually encountered - one in which steam flow had

dropped below zero - the penalty function VTST was created.

Since the condenser analysis is performed sector by sector
and assuming there are J sectors in the condenser, then

there had to be arrangements for J penalty constraints. This

prompted the creation of the array, WTST(J| , representing

constraint penalty functions for each sector. The absolute
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magnitude of these functions were lirectly related to both.

the severity of the steam flow violation and the number of

dry tubes remaining in the sector. VTST(J) ranged in value

from negative infinity to zero, where a value of zero repre-

sented a condenser design in which no flow violations

occurred. Thus, VTST(J) were constrained funztions whose

lower limit was zero. For example, during an analysis, if

steam flow was determined to fall below zero, then WTST for

that sector would be given some negative value. In subse-
quent designs, as the number of dry tubes approached zero

and better designs were obtained, then the magni-tude of the

penalty function approached zero inlicating no constraint

violation.

Since penalty constraints are entirely contrived,

relationships with no real physical basis, it is desirable

to minimize their number to avoid the possibility of sending

innacurate signals to the optimizer.

To eliminate the need to use the VTST penalty func-

tions as constraints, the values of VTST(J) were consoli-

dated at the end of the sector anilysis into the condenser

steam exit-fraction constraint. Normally, steam exit-

fraction ranges from zero to one and is simply equal to:

*fffl leate*ingaE.
By incorporating the VTST violations into steam exit-

fraction, the exit-fraction was mide a continuous function
* ranging in value from negative infinity to one. The

negative steam exit-fraction represented a partially dry

condenser and its magnitude was in direct proportion to the

number of dry tubes. Thus instead of having to evaluate and

calculate gradients for J number of VTST(J) contraints, the

optimizer simply had to evaluate a previously defined and

now expanded exit-fraction constraint.
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it should be stressed that making steam exit-

fraction continuous through zero was equally as important as

eliminating the need for additional constraints. It can be

reasonably assumed that for all practical condenser applica-

tions, exit steam fraction will always be lnited to some

positive number near zero. Here is where one applies the

physical knowledge of the condenser and its relation to the

thermal property of steam flow. is explained earlier, dry

tubes represent an over-designed condenser. Thus the natural

tendency is for the optimizer to alter those design vari-

ables so as to create a more compact condenser. As this

occurs, steam exit-fraction will naturally increase. The

upper active limit of that constraint will determine the

optimum feasible design. while it is not necessary to have a

lover limit for steam exit-fractioa, it is very important

for it to be a continuous smooth function especially in the

region near the upper limit. It is therefore critical to

properly define the penalty functioas WTST(J) in a way so as

to provide a smooth transition from the negative, artificial
values of negative steam exit-fraction to the real, positive
values.

Since the steam flow penalty functions will not be
used as constraints, the analyti-al results will provide

gradient information to the optimizer. However, once steam

flow has been determined to fall below zero, steam flow for

that first dry row of tubes and all subsequent rows must be

fixed up with dummy values to allow the program analysis to

continue. How that "fix-up" is accomplished will ultimately

determine the search direction for the optimizer.

Physically, once steam flow has gone to zero, there

should be no further latent heat transfer, no subsequent

condensate production, and further pressure losses should be

only due to the flow cf non-condensible gases. It is neces-

sary to sake the ccmputer generated analysis reflect as
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closely as possible these physical realities. Since -hs

optimizer no longer has the penalty functions to use in

calculating a search direction, other constraint values

obtained from the analysis will lictate the next search

direction. Gradients will also be calculated using these

results and the determination of the next search direction

will incorporate these gradients as well. In the case of

negative steam flow, steam flow and condensate production

over dry rows were given nominal values which were as small

as the computer analysis would tolerate. These extremely

small values closely approximate zero steam flew and

generate results which resemble physical reality as closely

as possible.

The following example is providad to better illus-

trate the logic used in CONDIP to handle negative steam

flow. CONDIP determines flow rate through each row in each

sector. During a sector analysis, CONDIP calculates the

condensate generated at a given row and subtracts that value

from the steam flow entering that row to calculate the steam

leaving. The exiting steam flow rate is then checked to

determine whether steam flow has gone to zero. If it has
not, then the analysis continues. If it has, then the

following two events occur.

The penalty function, UTSZ(J), is calculated for
that sector and dummy values are inserted for steam flow and

condensate rate at the row where the violation occurred.
For the remainder of the analysis condensate generation and

subsequent steam flow calculations are bypassed and the

remaining rows in the sector are fixed up with dummy values
for steam flow and condensate.. The analysis continues

utilizing these dummy values in all appropriate heat

transfer and pressure calculations. At the conclusion of

the sector analysis, the values of the penalty functions,

WTST(J), of each sector are incorporated into the steam

exit-fraction.
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If the analysis revealed zero dry tubes then WTSTfJ)

for all sectors would be zero and the steam exit-fracion

would simply be calculated as:

If, however, dry tubes were encountered in the condenser

analysis then VTST(J) of some or all the sectors would be

negative and dependent in magnitule on the number of dry

tubes in each of the J sectors, as well as the severity of

the steam flow violation. Steam flow leaving any sector

which has gone dry would be zero and steam exit-fraction

would be evaluated as:

an e vA!.-.aUYwet tISc_1o
seau enter nqg-te- onenser

plus a weighted value of all the WTST(J) penalty function

values. Using the relationships just described, it is
apparent that steam exit-fraction: is negative if condenser
tubes are dry; approaches zero as the design becomes

feasible; and is greater than zero if there is steam leaving

the condenser.

2. Stea E a_. Zi eratKaj Efcs

The other possible source of mathematical insta-

bility occurs when steam pressure falls below some preset

4 limit. if pressure falls to zero, numerous mathematical

* singularities will be generated. Yet, before this situation

can occur steam temperature will have already fallen below
inlet coolant temperature causing singularities in the log

mean temperature difference (LMTD| heat transfer calcula-

tion. Thus, the lower pressure limit which cannot be physi-

cally exceeded is not zero but the minimum saturation
* pressure established by the inlet oolant temperature. In

CONDIP, this lower limit is given the variable name, PTLIK.
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As steam flows through the condenser, pressurg

continually decreases due to friction losses and therefore,

it is evaluated at each row in each sector. When the steam
saturation pressure drops below PTL[H, indicating a physical

violation of realistic limits, then the creation of a

penalty function and a corresponding "fix up" of satu-a.ion

pressure is rsquired to allow the program to continue. The

treatment of the problem was therefore analogous to the

previous situation dealing with negative steam flow.

PTST(J) was the penalty function devised to indicate

to the cptimizer that the pressure limit, PTLIM, was

violated in any of the J sectDrs. Values of these

constraints ranged from negative infinity to zero, depending

on the degree and location in the condenser of the viola-

tion. Since pressure is calculated on a row by row basis in

each sector, the magnitudes of the pressure penalty func-

tions were directly dependent not only on how much the

calculated pressure dropped below PTLIM, but also on the

number cf rews remaining in the sector. Thus, as the

condenser approached a feasible design the PTST(J) consraint

values approached zero, indicating lessening violation of

the minimum pressure.

As emphasized earlier, it is important to minimize

the number of constraints, not only to avoid the possibility

of sending confusing signals to the optimizer but also to

reduce cost and improve program efficiency. This was accc-

4 plished here by inserting dummy values not only into the

violated pressure variables but also associated therml

properties such as condensate generation, heat transfer

coefficients and heat transfer rates for the row where the

violation occurred and all subsequent rows in the sector.

The dummy values were chosen such that realistic gradient

information would be sent to the optimizer. The proper

choice of "fix-up" values for these varaiables resulted in
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the elimination of penalty functions as design constraints,

and provided sufficient information to determiae subsequent

search directions.

It is necessary to understand the influence that

steam pressure and temperature exert on the overall

condenser analysis. with this knowledge it will be easier to

predict the physical designs which could cause violations of
the pressure limt. PTLIM is violated due to excessive steam

flow pressure losses. As explained earlier, these large

pressure losses would result from large steam velocities

that are found in condensers which are too tightly designed.

Thus, the particular condenser design is incapable of

handling the required steam load, implying an infeasible

design. Understanding this relationship Will aid in

choosing the appropriate "fix-up" values which will indicate

to the optimizer that when the pressure limit is violated an

infeasible condenser has been designed.

Physically, When steam temperature falls below

coolant inlet temperature (PTLIM is violated) there is no

heat transfer from the steam to the coolant and no addi-

tional steam is condensed. These physical realities must be

reflected in the condenser analysis. Therefore, in subse-

quent rows, condensation and heat transfer rates were set

equal to zero. Since there is no further condensation, the

steam exit-fraction is equal to the steam flow at the point

tof violation divided by the total flow into the condenser.

Thus PTLIN indirectly determines the exit steam fraction of
the infeasible design. This relationship between exit-

* fraction and the PTLIN violation is what makes the penalty
constraints obsolete. If PTLIN is violated early in the

*steam's passage through the condenser, steam exit-fractions

will be large, violating its upper zonstraint limit and thus

reflecting an undordesigned condenser. is the condenser

design improves, then exit-fractions will decrease.
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Physically, this can only be accomplished if the condenser

design "opens up", reducing pressure losses in the

condenser. Consequently, as conlenser designs become

larger, steam exit-fractions decrease and the condenser is

driven towards a feasible design.
The following example illustrates the logic employed

by COUDIP to handle steam pressure and temperature viola-

tions within the analysis. Condenser inlet -flow is divided

by the number of sectors in the condenser. Condenser inlet

saturation pressure is determined by the steam inlet temper-

ature. Entrance pressure losses are calculated and

subtracted from the inlet pressure. The resulting pressure

is checked against PTLIN and a violation at this point indi-

cates a totally infeasible condenser in which no steam is

condensed. Steam exit-fraction will thus be equal to one. If

the saturation pressure is greater than PTLIM the analysis

continues row by row through the sector. Pressure losses

over each row are calculated and subtracted from the row

inlet pressure to determine pressure into the next row of

tubes. If this next-row steam pressure is determined to fall

below PTLIM, then a thermal violation has occurred requiring

"fix up". Subsequent rows are made to indicate zero conden-

sate generation and zero heat transfer. Steam flow over the

remaining rows is maintained at a constant value, which will

subsequently be used to determine steam exit-fraction.

* Pressure variables over the remaining rows are given small

IIpositive values just large enough to allow the analysis to

continue. Although all heat transfer and condensate calcula-

* tions will be bypassed, the analysis must be allowed to

continue so that pressure losses will continue to be calcu-

lated based on the steam flow at the point of violation.

This is important since steam flow adjustments to the

sectors are based on certain pressure comparisons between

the sectors. The cumulative sum of all row pressure losses

36



in each of the sectors must be equal to within some tcler-
ance. If they are not then steam flow into each of the

sectors is altered so that the exit pressures from each

sectcr converge to scme common value. Thus, an accurate
reflection of true pressure losses is important to this
calculation.

The value of the steam exit-fractlon is again deter-
mined to be the single constraint necessary to drive subse-
quent condenser designs to a feasible optimum configuration.

The pressure penalty constraints proved to be superflous

information, but the corresponding variable "fix-up" was

critical in the determination of search direction.

C. LIIITTIOS

During the develcpuent of CONDIP, it became apparent

that steam exit-fraction would become the key constraint

during optimization of any objective function. & feasible
design implies that steam exit-fraction is a small positive

number perhaps somewhere between zero and 0.1 percent. As
explained earlier, violations of either steam flow or pres-

sure physical limits resulted in penalty functions and vari-

able "fix-up" which were later directly or indirectly

incorporated in the calculation of steam exit fraction. Thus

any feasible design, let alone the optimum one, centers on

the limits placed upon this design zonstraint. Aay number of

I design variable combinations will yield a feasible design,

and each design variable affects steam exit-fraction differ-

ently. The intertwined, complex calculations used to ulti-

mately determining exit-fraction are done by sector and row
with each design variable repeatedly playing a factor. For

example, the profcund effect of both vapor shear and

condensate inundation on the shell-side heat transfer

coefficient and consequently steam exit-fraction, is
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indirectly determined by numerous design variables. However,
their effects are impossible to predict. The cascading

effect of the thousands of calculations performed during the

course of a design analysis is to ultimately create a

single, highly non-linear variable in the form of the smeam

exit-fraction, upon which design dezisions will be made.
As more design variables were involved in the analysis,

the cptimizer had difficulty determining their often

conflicting effects cn both the objective function and the
steam exit-fracti3n. A small perturbation of each of the

design variables independently would yield gradients indi-
cating design improvement. But when these gradients were
evaluated simultaneously to actually determine the direction

of the subsequent design, their combined effect would actu-

ally indicate either no improvement of the objective func-

tion or a violation of the steam exit fraction design

constraint. The end result would be that the nptimization

process would stall as no feasible search directicn could be
obtained. Larger perturbatiofs to the design variables were

required to properly evaluate their relative effects on the

objective function and any active or violated constraints.

This would enable the optimizer t3 overcome either small

inconsistencies or discontinuities in the objective function
and the constraint functions which would otherwise prevent

the optimizer from reaching the optimum design. This was

accomplished during data input by changing the normalized

finite difference step from 0.01 to about 0. 1. Increasing

the finite difference is not without its drawbacks. As the

optimum objective value is approached, the optimizer over-

looks the subtle effects of small changes in the design
variables because of the relatively large perturbations.

Thus, depending on the initial design variables, the

optimizer will improve the design to some point near, but

necessarily at, the optimum.
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when a design becomes feasible, steam exit-fraction will

always become an active constraint. But the stated goal is

not in achieving a feasible design but in driving the design

to a feasible optimum. However, this iterative process can

not be accomplished at the expense of violating a constraint

and it was here that further complication was introduced.

The initial impetus in any optimization process is to first

obtain a feasible design. However, once the very small steam

exit-fractions are obtained that are necessary for a

feasible design, the exit-fraction becomes extremely sensi-

tive to any further design variable changes. Thus any effort

to further improve the current design could easily cause

exit fraction to increase. Even slight increases would be

perceived as violaticns of the constraint limit and thus

prevent further optimization from the first feasible design.

There are two possible solutions to this problem. Either

increase the upper limit on the exit-fraction constraint or

redefine the constraint. COPES formulates the general

constraint function in such a way as to allow the user to

increase the active region about the constraint limit. This

is accomplished here by increasing the normalization factor

in the following expression for the exit-fraction constraint

function:

where BU is the upper constraint bound, EXITFR is the exit-

fraction constraint value and SCALI is the normalization

factor for this constraint. Increasing the normalization

factor reduces the optimizer's sensitivity to constraint

violations by enlarging the range of constraint values in

which the constraint is active. This enlarges the region of

feasibility and allows the optimizer more flexibilty in

altering design variables by reducing the risk of violating
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the constraint. The overall effect is that the design opti-

mization can continue but at the expense of accurate

constraint limits. The normalization factor used effectively

for the exit-fraction in CONDIP analysis was approximately

0.1.
One of the stated objectives was to create a robust

program which would consistently yield the single best
optimum design independent of the initial design and not get

hung up on a relative optimum. As it was explained earlier,

although relative optimums represented design improvement,

they also indicated the inability of the optimizer to locate

the single best or true optimum design. However, the objec-
tive was achieved for only three design variables. When more
than three' design variables were used, the optimum designs

became loosely dependent on the initial input, although not

in any predictable way. This is not to say that the
condenser design did not optimize. By incorporating the

finite difference and scaling normalization on exit-fraction
as described above, final designs did yield objective func-
tion values which were continually within about ten percent
of the true optimum regardless of the initial design.

However, there was just no guarantee that the single, best

optimum design could be consistently obtained. In summary,

the reasons why CONDIP did not consistently optimize to the

single, true optimum were: the extreme non-linearity of the
steam exit-fraction, the need for a large finite difference

gradient, and the need for a normalization factor for the
*exit-fraction upper limit constraint.

While the optimum design solutions obtained from CONDIP
may be safficient, there are several ways to improve the

results and increase the chances of obtaining the best

possible design. The easiest way is to try several initial

input values until the user is satisfied that the best solu-

tion has been obtained. The problem with this approach is

'0
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that it is both costly and time consuming. & seconi recom-

mendation is to couple an extremely simplified versicn of

the condenser analysis with the optimizer to obtain a

educated guess as to what the optimum design should be. The

results of this analysis could than be used as input for

CONDIP. OPCODEI, which utilizes the HEI methods in its anal-

ysis, is a likely candidate. The alvantage of this approach

is that a quicker, cheaper analysis can be used to obtain a

rough idea of the anticipated optimum design. CONDIP can

then use these design results to obtain even better and more

accurate solutions, faster. There is still no guarantee,

however, that the true optimum will be solved. Perhaps with

the development of more robust and versatile cptimizers,

ones which uses numerical techniques and methods that are

better suited to this type of problem than C3NMIN, more

precise solutions can be obtained. However, there is little

more that can be done to simplify the analysis of the steam

exit-fraction and subsequently lineirize the problem.

14
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The following section contains a brief description of

the major subroutines in CONDIP. The appropriate flow

diagrams are also provided to better illustrate and comple-

ment the explanations. For further information concerning

the various subroutines and functions see the CONDIP listing

in Appendix C and ORCONI [Ref. 2].

This subroutine basically arranges CONDIP in a stan-

dardized form which is compatible with COPES/CONHIN. COPES

uses a variable flag, ICMLC, to coordinate the 3ptimization

process with &NALIZ. Utilizing this flag ANALIZ then calls

the input, analysis and output portions of CONDIP as

required. When COPES sets ICALC equal to one ANALIZ reads

in all initial input. This is the only time any input can be

entered. When ICALC equals two, C3PES works with CONNIN to

optimize the design. ANALIZ makes available the analysis

portion of the program to be used repeatedly by CONNIN.

When COPES sets ICALC equal to three, the optimization is

complete and INALIZ calls all applicable output subroutines.

4 Figure .1 illustrates the flow process for ANALIZ.

4 This subroutine enters all initial input of data by

which the initial design is determined. The resultant

design may be either feasible or infeasible, subject to the

limitations previously discussed, so it is not critical what

values are initially assigned to the design variables.
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However, the initial input is screened to prevent the intro-

duction of totally unrealistic values of variables into the

program. For example, initial tube thickness, tube inner

diameter, tube number and tube length are all checked to

ensure that their values are greater than zero. If any of
the screened initial inputs do not satisfy the minimum

requirements, then the program exits prior to entry into the

optimizer. The limits of the design variales and constraints
will prevent similar situations from occurring during the

analysis. Figure 4.2 presents the flow diagram for the INPUT

subroutine.

3. 2n. 3

This subroutine simply prints all the initial values

entered in the INPUT subroutine.

4I. 2MQJ

This subroutine calculates the bundle geometry,

flooding factors and such coolant flow parameters as pres-

sure loss, flow rate, and pumping power. There are two

options available to determine bunale geometry, each with

certain advantages and disadvantages.

2Djain: The number of rows is entered as a constant and

the tube number is determined based on pitch, tube outer

diameter, and row spacing. The advantage of this method to
determine bundle geometry is that it allows the user to

linearly vary pitch and/or tube inner diameter by row. The
disadvantage is that tube number is a dependent variable.

* The optimzer is therefore limited in determining the
A optimum design by the specified number of rows.

A
22%ion2: h* number of tubes can be used as a design

variable while the number of rows is determined by tube

number, row spacing, pitch and tube outer diameter. There
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is more flexibility in this methol of condenser design but

it is not possible to linearly vary tube pitch and inner

diameter. The condenser bundle is generated from a speci-
fied inner void out, and all the appropriate condenser

geometry is determined for one of the identical 30 degree
sectors. Overall bundle volume is then calculated as is

the ratio of tube hole area to tube sheet area.

Once the basic condenser geometry has been deter-

mined, the code then Froceeds through an algorithm to calcu-

late baffle location based on an input value specifying the

number of baffles desired in the zondenser bundle. After

this has been completed, flooding factors are determined.

That is, the number of tubes in a vertical roy above the

central tube in each row is calculated. This is done for

each of the six sectors on one sile of a circular bundle.

Symmetry is assumed for the other side. These flooding

factors are later used in calculations to determine the

effect of condensate inundation on shell-side heat transfer

coefficients.

Finally, ORCCH calculates coolant mass flow, coolant

velocity, header pressure difference and pumping pover based

on the type of coolant flow input received. The flow chart

in Figure 4.3 is a simple illustration of the logic used in

ORCON. From ORCON, the subroutine SEC&LC is called.

5. jZ.~

This subroutine determines all the parameters of

each of the sectors in the condenser by row. The first
calculation made in SECALC is the determination of the
cooler geometry, if there is one. Entrance pressure losses

into the condenser bundle are calculated for each sector and

saturation pressure is checked to ensure that it is greater
that PTLI. From this point, much of the remaining
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subroutine is comprised of two do-loops with one nested

inside the other. The outer loop cycles through however many

sectors are in the condenser model. The inner loop cycles

through the rows in the sectors. Pressure, temperature,

mixture velocity, steam flow and condensate flow are calcu-

lated at each sector row. The subroutine HETTRY is called

repeatedly to provide the necessary heat transfer informa-

tion. Pressure and steam flow is checked continually at each

row to ensure that neither falls below its predetermined

lower limits. In the event that either situation occurs, the

appropriate penalty function and fix-up procedure is imple-

mented to enable the analysis to continue. As previously

discussed, these values are chosen to reflect as accurately
as possible real conditions which would occur when steam

flow cr pressure violate their physical limits.

Once all the sectors have been analyzed the cumula-

tive steam-side pressure losses from each sector are

compared. Steam pressure at the inner void must be uniform,

therefore the sector pressure losses are required to be

equal within some allowable tolerance. If they are not, then

the distribution of inlet steam flow into each sector is

altered to force the pressure losses to converge to a single

value. Once steam flow to the sectors has been adjusted,

the sector and row analysis in SEC&LC is repeated until the
pressure losses within each sector approach a common value.

after the pressure ccmparison has been satisfied, certain

* ioverall condenser parameters are calculated such as steam

exit-fraction, bundle heat load, and steam-side pressure
drops.

* Finally, if a cooler is required, the subroutine
CQOLIX is called. Otherwise the condenser analysis is

complete. The flow diagram for SECALC is presented in Figure
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6.

This subroutine is called repeatedly in SECALC to

solve for all shell and tube-side heat transfer properties

for each row in each sector of the zondenser. In particular,

values for the overall heat transfer coefficient and log

mean temperature difference are utilized by SECALC in

computing condensate production and heat transfer rate at

each row of tubes.

On entering this subroutine, a series of estimates

for certain row variables are calulated. Based on an assumed

initial value for the overall heat transfer coefficient, the

exit coolant temperature and corresponding film temperature

are calculated. Utilizing these temperatures, the LKTD,

thermal resistances, individual heat transfer coefficients

and numerous other heat transfer parameters are then calcu-

lated. Finally, another value for the overall heat transfer

coefficient is determined based on the above-mentioned anal-

ysis, and this final value is subsequently compared to the

initial value. If they are not in-agreement, within a speci-

fied degree of tolerance, then the initial value for the
overall heat transfer coefficient is updated and the entire

process is repeated until the initial and final values

converge. This iterative process is necessary as tempera-

ture dependent heat transfer coefficients, film temperature

drops, and exit coolant temperatures are all being calcu-

lated simultaneously.
lote that it is in HETTRN that the concepts of vapor

* shear and condensate inundation are incorporated. Heat
transfer coefficients are correctel for both effects based
on the calculations presented earlier. klso note that since
steam temperature is never allowed to drop below inlet
coolant temperature in the calling subroutine SECALC,
resultant LNED calculations in RETTRY will not yield

singularities.

46

.................................... ...-. r i- t,1t - ..... - .-



Once all the heat transfer variables have been

determined, control is returned to SECALC where the appro-

priate results are utilized and stored. The appropriate
flow diagram for HETTIN presented in Figure 4.5.

7. CO2.LZ

This subroutine solves for all the necessary parame-

ters required in the cooler analysis. The cooler is assumed

to be of rectangular cross-secton with the height of the

cooler not to exceed the differenze between the condenser
inner and outer radii. The values used for tube pitch and

tube diameters in the cooler are the same as the innermost

row of the condenser bundle.

Steam exits the condenser bundle, collects in the
inner void and enters the bottom row of the cooler. The

steam then proceeds vertically up through the cooler. The

physical location of the cooler is not a prerequisite to the
subsequent design, although it is expected that the ccoler

will be placed within the condenser bundle, thus the limit

on cooler height.

The first calculation in COOLEX determines the steam

velocity at minimum cross-secton in the first row of tubes,

VLCRAX. VLCMAX is directly proportional to the amount of
steam and non-condensible gas entering the cooler as well as

the ccoler geometry. Therefore the constrained limits for
s lVLCHAX will play a major factor in the overall condenser

desi gn.
Subsequent row analysis is treated identically as in

SECILC. Bowever, all pertinent heat transfer data are calcu-

lated directly within COOLEI, making it independent of
HETTRI. Steam pressure and steam flow are checked at each

row to ensure that the appropriate limits are not violated

and all thermodynamic parameters are calculated. At the

conclusion of COOLEX, cooler performance variables such as
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heat load, exit-fraction steam, steam pressure losses and

overall heat transfer coefficients are calculated and

control is returned to SECALC. The flow diagram for the
COOLEX subroutine is illustrated ii Figure 4.6.

8,. 2n 2

This subroutine prints the overall condenser bundle

results including heat load, steam exit-fraction, overall

heat transfer coefficient, overall condenser LKTD and bundle
volume. Normally, OUT2 is callel once after the initial
design is analyzed and again after the optimum design has
been determined. Final design variable values such as tube
number, coolant flow, tube pitch, tube wall thickness and

tube inner diameter are also printel.

9. OUT2C

This subroutine prints the cooler results as well as
the combined cooler/condenser results. This subroutine is
called from the subroutine OUT2 and is called only if a
cooler is required and subsequently desigr.ed. Therefore,
these results will always be printed in conjunction with
OUT2 output.

10. 20).

This subroutine prints a very detailed output of the
condenser and cooler results by row and sector. Nearly all
the thermodynamic and heat transfer properties are
presented, thus providing a rather complete picture of

conditions everywhere in the condenser. This is extremely
helpful in determining, for example, where additional heat
transfer enhancement would be most beneficial, or where

baffles should be best located to reduce the effects of
condensate inundation.
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B. SUPPORTING SUBROOTINIS

The folloving is a brief descrition of supporting functions

and subroutines called frequently by the main subroutines.

1. DFSVT : This subroutine returns the value of the mutual

diffusivity of the steam and non-:-ondensible gas present.

2. TR: This funcion subroutine transforms the calculated

data, received in the argument list, to the log values and

performs a linear regression on two or more points usina

the model.

3. UU : This function subroutine calculates the viscosi-

ty of the non-condensible gas in ibu/(ft-sec).

4. f.g.l: This function subroutine calculates the viscosi-
ty of a saline solution in the range of 0-24 percent

concentration and temperatures of 40-210 OF in

lbm/(hr-ft).

5. SP.YN: This function subroutine returns a value for the

heat capacity of the inert, non-condensible gas mixed in

with the steam in units of Btu/(lba-mol-O?).

6. MJrN: This function subroutine calculates the specific

heat of a saline sclution units of Btu/(lbm-OFI

7. Mf: This function subroutine calculates the heat ca-

pacity of steam in Btu/(lbm-mol-OF).

8. Hii.!: This function subroutine returns a value for the

*latent heat of vaporization of water in Btu/lbm.

9. Zf2j: This subroutine returns the shell-side pressure

drop across a row of tubes in psi&.

* 10. ESU: This function subroutine calculates saturation
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pressure of steam as functicn of temperature. Pressure is

returned in units of psia.

11. ROEYf: This function subroutine calculates the density

of a saline solution ofconcentration range 0-24 percent and

temperature range of 40-300 OF. Dansity is returned in

units of lbm/(cu.ft.).

12. JfFI: This function subroutine calculates the thermal

conductivity of a saline solution of concentration range

0-24 percent and a temperature range of 40-300 OF. Thermal

conductivity is in (Btu)/(hr-f-OF).

13. ZSATF: This function suroutine returns the value for

steam temperature in OR given a pressure in psia.

14. VGF: This function subroutine calculates the specific

volume of steam as a function of temperature and pressure.

It has units of (cU.ft.)/lbm.

15. IWITC: rhis function subroutine reverses the order of

a stored array.

I5
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Figure 4.1 Flow Diagram for the ANALIZ Subroutine.
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V. !I. Ls

A. CODIP VIFICATION

It was desirable to verify the 3ingle pass capability of

CONDIP (i. e. without optimization) as a predictor of
condenser performance by comparison with actual experimental

data. However, ccmplete and accurate data on condense=
design and corresponding performance is not always readily

available. Lynch (Ref. 181 encountared this same prcblem in

attempting to verify ORCONi. However, he did manage to

locate some actual experimental condenser data, obtained

during a test conducted to determine the general performance

of the DDG-37 class propulsion machinery (Ref. 16]. The

test took place at the Naval Boiler and Turbine Laboratory

and was conducted primarily to determine the performance of
the turbine and reduction gears. Some limited condenser data

was taken as a by-product. The various measurements were

obtained as described below:

1. Steam flow measurements were made by weighing the

condensate.

2. Cooling water inlet and outlet temperatures were meas-

ured by thermometers installed in the inlet and discharge
line s.

3. The heat load is calculated based on total steam flow

into the condenser multiplied by the difference between

inlet steam and condensate enthalpias.

4. Circulating water flow was determined from a heat

balance around the condenser. The total heat load was
divided by the circulating water heat capacity and
temperature rise to cbtain flow rats.
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5. Condenser inlet pressure was determined by pressure

*' instruments located above the condenser inlet flanges.

6. Non-condeasible gas flow was measured by a flovrato_.

7. Pressure at the air ejectcr was measured directly. This

pressure and the inlet pressure determined the pressure drop

across the condenser.

It should be pointed out that this data were not recorded

with the care that normally accompanies scientific data

collection. Neither the instruments nor the techniques

employed were particularly accurate. The possibility that

this observed data are in error casts a cloud over the cred-

ibility of the corresponding condenser performance, which

was calculated based on those values. However, for a lack o'f

better alternatives, this data and the resulting condenser

analysis will be used to determine the reliability of

CONDIP.

The DDG-37 condenser geometric design variables obtained

from the technical manual [Ref. 15] and input parameters

corresponding to a full speed run are presented in Table I.

An attempt was made to repeat the design using CONDIP. The

results cf CONDIP's proposed design as well as the experi-

* mental performance are presented for comparison in Table II.

Percentages were calculated to quantify the differences

between the actual and hypothetical performance.
Before elaborating on the results of this verification,

some notable differences between the two designs must be

clarified. First, a specific fouling factor was not deter-

mined at the time of the experiment and was therefore not

provided. A somewhat realistic cleanliness factor of 87.5

percent (fouling factor of .0002) was utilized.

Second, in the DDG-37 condenser the rectangular cooler

appears to te inserted directly into the condenser bundle.
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However, in order to accomodate the cooler, the bundle must

expand or distort. In addition, a void of some dimensions

* must be provided-for in the center of the bundle to collect

any uncondensed steam and non-condensible gases. Diagrams in

[Ref. 15] indicate that the DDG-37 condenser is indeed

nearly elliptical in shape with bundle axes of 5.67 and 7.17

feet. Although it is apparent that a void does exist, exact

dimensions can not be readily determined from the available

information.
CONDIP approximates this design by creating separately a

circular condenser bundle and a rectangular cooler, the

height of which cannot exceed the difference between the

outer and inner bundle radii. A circular void of pre-

determined size is provided-fcr when determining the

condenser bundle geometry. Subsequent volume calculations

are performed on the condenser bundle and cooler separately

and the overall condenser volume is computed as simply their

SUm.

Although CONDIP does not exactly duplicate the geometric

configuration of the DDG-37 condenser, was possible to

manipulate certain initial design variables in order to

cause CONDIP to develop an approximately equivalent configu-

ration. These variables were chosen because, for small

changes in their values, there is a rather significant

change in the bundle geometry with relatively small effects

on the overall condenser performance. Since there are no

specific dimensions provided for the inner void in the

DDG-37 technical manual, it was picked to be one of the

design variables to be adjusted. Row spacing was also

adjusted because it satisfied the conditions described

above. Through trial and error a combination of row spacing

and inner void radius were determined, from which CONDIP

yielded a geometric design similar to the DDG-37 condenser

and that satisfied condenser requirements specified in
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[Ref. 17). In this particular case, the void diameter and

row spacing ware determined to be 1.1 feet and 1.35 inches
respectively. This arrangement enabled the condenser model
to closely approximate the tube sheet area ratio of the

actual DDG-37 condenser. This manipulation, however, must

be interpreted as another source of error and innacuracy

when comparing CONDIP's condenser performance with the
experimental results.

Lastly, condenser designs in (Ref. 15] reveal that three
different tube patterns were employed in the DDG-37

condenser. In addition, two different values for tube pitch

were used - a pitch of 1. 4 in the condenser bundle and a
pitch of 1.3 in the cooler. This situation cannot be dupli-
cated in CONDIP. Therefore a constant pitch of 1.40 and a

uniform tube pattern were utilized throughout the condenser.

The design approximations utilized in CONDIP to try to

geometrically simulate the actual DDG-37 condenser introduce

significant uncertainty into subsequent design comparisons.

This, coupled with the fact that the data collected is also

suspect, would imply that it is rather difficult to verify
CONDIP's analysis with the information available. It should
also be noted that CONDIP is sensitive to even small vari-
ance in either the data collected (i.e. steam inlet tempera-

ture) or the approximated design variables. However,

despite the above-mentioned problems associated with

equating CONDIP's condenser to the DDG-37 condenser, the
experimental data obtained from the DDG-37 condenser still

provide the best available base upon which to make a reason-

able determination of CONDIPs capabilities and limztations.
In comparing the results in Table II, it is immediately

clear that there is significant difference between certain

condenser performance parameters predicted by CONDIP and the
corresponding experimentally derived condenser perfcrmance.
Already, much has been said about the numerous geometric
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approximatics used to model the DDG-37 condenser. Bu-.

questionable data and geometric manipulations may not

completely explain the 13 percent exit-fraction and general

poor performance generated in CONDIP's analysis. Its values

for the average overall heat transfer coefficient and heat

rejected were significantly lower than the -xperimental

results. One source of the problem lies in the actual heat
transfer analysis performed in th. code. Lync-h [Ref. 181

graphically illustrated how sensitive this analysis is to

the effects of condensate inundation. In particular, by

making small changes - within the allowable ranges - in the

constants used in Eissenberg's correlations for condensate

rain, significant improvement could be realized in the

overall heat transfer characteristics of the condenser.

CONDIP's results, when compared to the experimental data

support the argument that the values currently used in the

inundation correlations are rather conservative in nature,

and cause the overall analysis to yield a poor preformance

for the given steam load and condenser design.

Therefore, in order to present CONDIP with a fair test
to determine its credibility as a design predictor, some

additional work must be first accomplished. & condenser

geometrically identical to the general model created in

CONDIP should be constructed with complete and accurate data

acquisition systems tc establish a thorough data base from

which to compare. Also, more research should be performed on

the effects of condensate inundation and velocity shear to

obtain more precise correlations in determining their

overall effects on the film heat transfer coefficients.

One last additional point should be mentioned. In

comparing the steam-side pressure drops through the

condenser, it was shcwn that CONDIP's pressure losses were

nearly 72 percent larger the the actual physical measure-

ments. However this radical difference is mainly due to the
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high pressure losses experienced it the entrance of the

cooler as a large volume of steam tried to force its way

through the small available area. Therefore, the signifi-

cance of this large disagreement in results is relatively

minor and can be treated simply as a consequence of the more

important heat transfer limitations in the comparison run.

Although the goal of verifying CONDIP as a design

predictor has proven elusive, it was still possible to

demonstrate its capabilities through comparison studies.

Therefore, the remaining emphasis in this thesis is to show

the ability of CONDIP (in combination with the optimizer
COPES/CONMIN) to take an initial design with a given frame-
work of constraints and design variables, and obtain better

designs based on a desired objective function.

B. EXPLANATION OF THE CASE STUDIES

The following case studies were devised to best exercise
the capabilities of CONDIP. They were made as realistic as

possible so as to simulate the problem of condenser design

and specification ccnfronting the angineer during the early
stages of power plant design. The condenser performance

returned by CONDIP during the verification run and contained

in Table II will serve as a baseline for comparing the

results of each case study. The baseline condenser perform-

ance is based on the design parameters from the DDG-37

condenser listed in Table 1. It was stated earlier that
CONDIP's optimization results are slightly sensitive to the

initial design if more than three design variables are used.

Since all the cases involve eight or more design variables

it would be best, for the purposes of comparison, to start

from the same initial design in all cases. Therefore, the

initial design variables used for the verification run and

contained in Table I will be utilized as the baseline
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design. Although many of these initial design variables will

be allowed to change during optiaization, certain basic

condenser requirements will not. ]hey include: steam flow

into the condenser, inlet steam saturation pressure and

temperature, cooling water injection temperature, the f=ac-

tion of non-condensible gases in the s-eam, the tube fouling

factor, and the tube material. It should be noted that

although there was an initial value for row spacing given in

Table I, row spacing was not used as a design variable

during any of the optimizations. Instead, the program used

the default method of row spacing calculation available in

the ccde where the rows are spaces such that a 60-degree

equilateral triangle pattern of concentric rows is obtained.

Row spacing is therefore dependent on tube pitch and tube
outer diameter by the following relation:

HSPA = (SODO * ODOIt * .866 (eqn 5.1)

where RSPA is row spacing, SDDO is tube pitch, and ODOI is
tube outer diameter in inches.

There are a few key points to be kept ia mind when
comparing the results of the case studies with the baseline.

First, the baseline design is an infeasible and inadequate
design. Its performance indicates that it is not capable of

supporting the required steam load by returning a steam

exit-fracticn in excess of 13 percent. So any gains in the

objective function that ware realized in the case studies is

even more remarkable since it is a necessary condition that

the optimum design be a feasible design, defined as having

an exit-fraction not greater than 1 percent. Second, the

percent change referred to when analyzing the results is

calculated based on the baseline design. Thus the baseline

serves as a uniform frame of reference. Next, it should be

noted that because of the large number of design variables
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and constraints, intuition on how an optimized result will

turn out is not always applicable. Finally& it will be

easier to understand the effects of the various design

parameters by keeping in mind the following, very basic,

heat transfer correlation:

Q a U * k * LMTD (eqn 5.2)

where Q is the rate of heat released as the steam condenses;

U is the overall heat transfer coefficient; A is the heat

transfer surface area; and LHTD can be interpreted as the

thermal driving force between the steam and the coolant. Q

is directly dependent on steam flow and pressure into the

condenser, the percentage of that steam that is condensed,
and any subcooling of the condensate. For a given steam load
and a very small exit-fraction Q is nearly constant as the
optimized results in all the case studies will indicate.

1. Co£str_ a Eaneo _fU CON2 _

In order to simulate an actual trade-off study, the

constraints and their respective limits were kept constant
for all the case studies. The condenser was to be designed
with a maximum bundle diameter of ten feet, a maximum and

minimum tube outer diameter of 0.625 and 1.25 inches respec-
tively, a steam exit-fraction of not more than 1 percent, a
maximum cooler inlet velocity (VLCAX) of 200 feet/second,

and a ratio of tube sheet hole area to total tube sheet area

of less than 0.30.

The constraint on bundle diameter was chosen some-
what arbitrarily. It seems unlikely that this limit would be
realistically exceeded, although certainly space require-

ments would dictate the exact configuration. Tube outer

diameter is dependent on the values for tube wall thickness
and tube inner diameter. Thus the limits imposed on tube
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outer diameter represent realistic restrictions on the

possible cobinations of inner diameter and wall thickness.

These restrictions are based loosely on anticipated tube

structural and strength requirements and correspond to

values of normally available tubes [Ref. 191. The maximum

limit of 200 feet/second for VLCM&X was also a somewhat
arbitrary but realistic limit. It is assumed that steam

velocities cften exceed that value in the condenser bundle.

It is recalled that steam exit-fraction will play a

significant role in the determination of the final optimum
design. The baseline exit-fraction of 13 percent predicted

by CONDIP for the DDG-37 condenser is unsatisfactory.

Therefore a more reasonable upper limit of I percent was

placed on this constraint. kIthough CONDIP will return a
uch more ccnservative design if I percent vice 13 percent

is used as the upper limit, the subsequent design will be

much more credible.

Finally, the amount of tube sheet material that can
be removed by drilling for the installation of condenser
tubes is. specified at 24 percent of the total tube sheet

area in [Ref. 17]. This area ratio limit represents a

structural limit imposed to ensure that the tube sheets do

not fail due to heat and pressure stresses in the condenser.

However, CONDIP does not take into account the space between

the condenser and tube shell normally used in area ratio

calculations as blank tube sheet area. For this reason and

to allow more flexibility in the design analysis, the

4 constraint limit was set at 30 percent.

In summary, the general design constraints and the

associated upper and lower bounds were:

0.625 S tube outer diameter (inch) S 1.25
1.0 :5 bundle diameter (feet) S 10.0

steam exit-fraction (%) S 1.0
VLCRAX (ft/sec) S 200.0

area ratio :S .30
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These design ccnstraints and associated bounds were

used in all the case studies exaept where specifically

modified.

2. Design V_qlk Z:Iso. JZ ;P.M21_

at least eight design variables were used in all the

case studies. They include tube inner diameter, tube wall
thickness, tube pitch, the number of tubes in the condenser,

tube length, the inner void radius, the percent of the tubes

in the cooler, and cooling water velocity. Side constraints

were placed on all of these variables to cocrespond to

either realistic physical limits o: available standardized

materials.

Tube vall thickness was not allowed to fall below

0.022 inches (BiG 24) or exceed .109 inches (12 BWG), sizes

normally available commercially. Tube inner diameter was

restricted to values between .407 and 1.206 inches so as to

yield tube outer diameters. within the limits specified

earlier.

Tube pitch is defined as the ratio of the center to

center spacing between adjacent tubes in a row to the tube

outer diameter. Tube pitch is an accurate measure of how

closely packed the tube bundle is. Generally accepted

values for pitch lie in the range of 1.3 to 1.7. However,

to provide more latitude in the design process this design

variable was allowed to vary in the range between 1.1 to

4 2.0.
There is no guidance available as to the allowable

range for tube length in the condenser. Since the lower

limit was not expected to be crucial, it was set randomly at

1.0 feet. The upper limit of 25.0 feet was a realistic limit

considering the size of the tube diameter being worked with.
Inner void radius and the percent of tubes in the cooler

were chosen to be design variables simply to enhance the
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flexibility of the code in designing the condenser model.

The bounds for both variables were entirely arbitrary with

only common sense as the determining factor. The upper and

lower limits on the percent of tubes in the cooler was

established as 10.0 and 2.0 percent respectively. The upper

and lower bounds on the inner void radius was set at 1.0 and

0.1 feet.

Cooling water velocity generally ranges from three

to nine feet per second in value for all common rube

materials, except titanium which has an upper limit of 15

feet per second. Exceeding these upper limits risks exces-
sive tube erosion and material damage. Finally the number of

tubes was permitted to vary between 1000 and 8000 tubes for

the purpose of improving design flexibilty. It is extremely

unlikely that, for most propulsion applications, tube number

would fall below 1000. The upper limit was simply chosen as

a realistic cutoff point in terms of complexity, cost and

maintainability.

In summary, the general design variables and the

associated side-constraints were:

0.'&07 S tube inner diameter (inches) S 1.206

0.022 S tube thickness (inches) 5 0.109

2.0 5 percent of tubes in cooler < 10.0

0.10 S inner void radius (feet) S 1.0
3.0 S coolant velocity (ft/sec) S 9.0

1.0 S tube length (feet) 5 25.0

1000 !S tube number 5 8000

1.1 5 tube pitch 5 2.0

As in the case of design constraints, these design

variables and their respective limits were used consistently

in all the case studies unless otherwise specified.
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C. CASE STUDIES USING CONDIP

1. Case 04

The objective of this case was to minimize condenser

volume. The final results of the optimization along with the

initial parameters is listed in Table III.

These results show a 16 percent decrease in

condenser volume with a corresponding 24 percent increase

in pumping power. The source of the improvement can be

understood by noting the following:

1) Tube wall thickness was reducel from 0.049 to 0.022, the

minimum side-constraint, thus allowing tube inner diameter

to increase while maintaining a minimum tube outer diameter.

2) The number of tubes shrank slightly as did tube length,

resulting in a smaller heat transfer surface area.

3) Tube pitch increased markedly, causing a reducticn in

steam pressure losses which then ensured that high values

for steam saturation pressure and temperature would be main-

tained throughout the condenser. The large pitch also

reduced steam velocities, allowing the cooler inlet velocity

limit tc be satisfied. Row spa-ing decreased from the

initial value of 1.35 inches, thus decreasing condenser

volume.

14) Cooling water velocity increased to the maximum allo-
wable value of 9 ft/sec which correspondingly resulted in

larger head losses and coolant flow, causing overall pumping

power to increase.

As cooling water velocity increased and tube wall

thickness decreased, then their respective thermal resis-

tances were diminished. The cumulative effect was to

improve the overall heat transfer coefficient. LHTD rose

primarily as a result of the higher steam temperatures
throughout the condenser. It is apparent by looking at

equation 5.2 that increasing the driving forces for heat
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transfer, such as the overall heat transfer coefficient and

LMTD, allows the heat transfer surface area to decr=ease.

This resulted in a similar reduction in condenser volume.

The constraint limits that prevented further design

improvement were the upper bound on the cooling water

velocity, the upper limit on the tube sheet area and the

upper limit on TLCHAX.

2. _Aq !e_ o

The objective of this case was to minimize the

pumping power required to overcome the tube-side head losses

and drive the cooling water through the condenser tubes. The

final results of the optimization are presented along with

the initial design in Table IV.

The results indicate a dramatic 90 perceat reduction
in required pumping power with an .qually large 120 percent
increase in condenser volume. The major factors involved in

the design improvement along with their relative effects are

briefly explained below:

1) Tube inner diameter increased 27 percent while tube

thickness remained relatively unchanged. Thus tube cuter
diameter was :-aused to increase.

2) The number of tubes in the condenser rose significantly,

along with tube length. This, coupled with the enlarged tube
outer diameter resulted in nearly doubling the heat transfer

area.

3) Tube pitch icreased 29 percent, which allowed steam

saturation pressure and temperature to be maintained at

consistently large values in the condenser. This had a

benefiting effect on the associatel LHTD calculation. The

large pitch also helped satisfy the steam velocity limit

into the cooler. The tube spacing dacreased from the initial

value of 1.35, but by a smaller amount than the previous

case because of the large values for tube pitch and outer

diameter.
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4) Cooling water velocity dropped to the minimum allowable

limit of 3 ft/sec. This had the effect of reducig tube-side

head losses and coolant flow through the condenser.

Consequently, pumping power was drastically reduced.

The combined effect of all these changes can again

be put in perspective by looking at equation 5.2. For the

given steam and corresponding heat load, the heat transfer

area increased drastically, allowing both LMTD and the

overall beat transfer coefficient to decrease. A smaller

overall beat transfer implies a smaller convective tube-side

contribution which in turn permits coolant velocity to

reduce to its lowest allowable valua. The LMTD decrease is

explained by the fact that cooling water was spending more

time in the tubes, thus causing the average cooling water

temperature to rise. However, the subsequent reduction in

LMTD was minimized by the fact that a high steam temperature
was maintained in the condenser.

There were no active constraints in this design

outside of cooling water velocity which prevented further
design improvement. However, the penalty paid in terms of a
huge condenser volume, appears prohibitive.

3. Q1bZ

The objective of this case was to minimize pumping

power while holding condenser volume constant at the initial
value of 432 cubic feet. This was a particularly interesting

test case as the results in Table V bear out. rhe required
pumping power was reduced by nearly 38 percent with no

change in volume. , The effects of the design changes which

resulted in the design improvement are presented below:

1) Tube inner diameter increased noticeably. However, the

effects of this increase on tube outer diameter was mini-

mized by a large drop in tube wall thickness. Thus, tube

cuter diameter remained relatively unchanged.
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2) The number of tubes experienced a minor redu-tion, while

tube length increased. The overall effect was to increase

heat transfer surface area.

31 Tube pitch again rose by nearly 25 percent, causing

steam saturation temperature and pressure to maintain a

nearly constant value throughout the condenser. This had a

beneficial effect on the LLTD between the steam and the

cooling water. The larger pitch also had the additional

effect of reducing steam velocity thus allowing the subse-

quent design to satisfy the upper limit on steam velocity

into the cooler (VLCMNX). The combination of tube pitch and

* tube outer diameter resulted in a reduction in row spacing

from the initial value of 1.35
4) Cooling water velocity decreased by about 21 percent.

This effect was manifested in subsequent pressure head,

*coolant flow and pumping power calculations.

Looking at equation 5.2 we see the same general

pattern emerging as in Case 3, but with more subtlety i.- the

changes. Heat transfer increased, but not at the expense of
volume. Cooling water velocity was allowed to decrease

while the cverall heat transfer coefficient actually rose.

One explanation is that as the tube wall got thinner its

thermal resistance got smaller whizh more than offset the

loss of convective heat transfer contribution from the

coolant. The LMTD dropped slightly lue to the higher average

coolant temperature of the coolant in the tubes.

The constraints which became active and prevented

further improvement in the design include tube sheet area

ratio as well as tube wall thickness. However, tube wall

thickness was particular crucial because of its related

effect on heat transfer.
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The objective of this case was to minimize condense=

volume while holding pumping power constant at the initial

value of 55.7 horsepower. The results of this case can be

found in Table VI. Chcsen to contrast the results in Case 4,

the relative improvement in this design objective was not

nearly so impressive. Condenser volume shrank by only 12

percent. An explanation of the causes and effects is

provided below:

1) Tube inner diameter increased, with a corresponding
decrease in tube wall thickness to yield the minimum allo-
wable tube outer diameter.

2) The number of tubes decreased noticeably, tending mini-
size bundle volume. Note, there was only slight increase in
tube length. The overall effect was to similarly reduce heat

transfer surface area as condenser volume decreased.

* 3) Tube pitch again increased significantly, having the
same effects on steam pressure, temperature and steam

velocity into the cooler as discussed earlier. P large tube

pitch benefits the LMTD between the steam and the cooling

water. Row spacing was again a factor in reducing condenser
volume as before.

(4) Cooling velocity decreased slightly as did head loss.

But overall coolant flow increased due to an increase in

tube inner diameter. The net effect was to maintain pumping

power.
Again, referring to equation 5.2 , it is clear that

the slight decrease in heat transfer area was offset by the

slight rise in LBTD resulting from higher condenser steam

temperatures. The significant improvement in overall heat

transfer coefficient, therefore, is what makes the heat

balance work. The large decrease in tube wall thickness and

corresponding reduction in thermal resistance contributed

heavily to this improvement.
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There were several contraint limits whizh prevented
any additional objective optimization. They include the

minimum tube wall thickness, tube sheez area ratio and steam

velocity entering the cooler.

5. Case 1E1!

The objective of this case was to minimize condenser

volume while exercising CONDIP's capabilities to linearly

vary tube pitch and tube inner diam.ter by row. Thirty-five

rows were used, which was the identical number as the

initial design. Tube pitch and tuoe inner diameter of both

the outermost and innermost rows served as design variables

in this case. However - because tuoe number is now a depen-

dent variable based on the number of rows, tube pitch, and

tube diameter - it could not be used as a design variable.

The optimized results of this analysis along with the

initial design are presented in Table VII.

The results of this test case indicate a condenqer

volume which is 20 percent smaller than the initial design

as compared to a 16 percent decrease in Case 1. The basic

reasons and explanations as to why volume was able to be

reduced remain fundamentally tha same as in Case 1.
Attention will therefore be focussed on the effects of

linearly varying pitch and tube dialeter. Final tube pitch

ranged in value from 1.75 in the inner row to 1.44 in the

outer row. Similarly, tube inner diameter ranged from .729

in the inner row to .583 in the outer row.
It is believed that smaller pitch and inner diameter

were used in the outer row because of the higher available

steam saturation pressure and temperature. The resulting

higher steam velocities enhanced the beneficial effects of

vapor shear on the external heat transfer coefficient

thereby improving heat transfer on the outer rows. As steam

pressure decreased, then tube pitch and tube inner diameter
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increased to compensate and extract all the available hea,!-

from the steam. Consequently, steam velocity decreased and

was able to satisfy to the limit imposed on the ccoler

entrance velocity. The and result is a condenser geometry

that makes complete use of the available resources and

conforms tc the geometry to take advantage of the thermal

conditions in the condenser. The big limitation with this

approach is that the number of rows is held constant. Thus

the subsequent condenser is designed around that value and

the subsequent optimum design is a function of the number of
rows specified.
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TABLE I

Input Design Data

PARAMETER VALUE

i i

Total number of tubes 1 5230

Tube length (feet) ) .3

Tube inner diameter (nches) 0.527

Tube wall thickness (inches) I.049

Tube outer diameter (inches) 0.625
Tube mat'l thermal conductivity 25.0

btu/,ft-hr-OF) I
Tube pitch 1. 38
Percent of tubes in the cooler 7.0

Steam inlet flow (lbm/hr) I 16 1,961

Fraction of non-condensible gas 1 37.1
(ppm) I

Steam inlet pressure (psia) 1.294 i

Steam inlet temperature (OF) 110.52

Coolant inlet velocity (ft/sec) I 8.473

Coolant inlet temperature (OF) 1 75.66 I
Fouling factor I .3002 I

I Inner void diameter (feet) I I

Row spacing (inches) 1.35
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TABLE II

CONDIP Verification Results

PARAMETER RESULTS RESULTS 1m)

Heat transfer area 1 8805 1 88114 1 0.10
(sq.ft.) I I 5I.

Overall heat transfer 635.2 157.9 9.5 I
coefficient I i
btu / (hr-sq.- f t. -0 F)II
Lf meanctemperature 28.214 I 28.62 1 +1.3
di erenca ( I I I

I Coolant temperature 1 10.61 19.90 -6.7
rise (OF) I I I
Coolant mass flow 1.503 1.540 +2.5
rate (107 lbm/hr)

Condenser volume 132.3 1
(cu. ft.)
Bundle diameter (ft) 5.7 7.2 717

Shell-side pressure I 0.751 I 1.29 +71.6s(- of * ..put)n I I 1°-9.03 I
Steam exit-fraction 113.3
Heat rejected g 1.595 1.1451 90
(108 btu/hr)

Area ratio 0.291 0.266 8.59
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TABLE III

Volume Minimization

I BASELINE I OPTIMiZED CHANGE
PARAMET ER RESULTS RESULTS (%)

Total number of tubes 5230 I 5117 1 -2.2
of tubes in cocler 1 7.0 1 7.o1 +0.I

Tube length (ft) 10.3 9.92 -3.7
Tube inner diam. (in) .527 .582 1+10.4
Tube wall thick. (in) .049 I .022 -55.1

Tube outer diam. (in) .625 .626 +0.2

Tube pitch 1.4 173 +23.6
Void diameter (ft) J1.10 1.34 +21.8

Bundle diameter (ft) 7.17 6.59 -8.1

Condenser volume 032.3 { 362.2 -16.2

Area ratio 0.266 0.300 +12.7

Coolant inlet vel. 8.473 9.00 +6.2
(ft./sec) I
Coolant mass flow 1.540 1.955 +26.9 I
rate (107 lbm/hr) I I

Head loss (ft H20) 7.35 7.18 -2.3
Pumping power (hp) 55.69 68.99 +23.9

Coolant temperature 9.90 I 9.00 -9.1 Irise (OF) I
Lofmean temperature 28.62 29.13 +1.8difference (OF) I i
Heat transfer area 8814. 8320. -5.6( sq. ft.) I
Averaqe overall heat 574.9 689.9 +20.0

transfer coefficient
btu/(hr-sq.ft.-OF)
Steam exit-fraction 13.3 0.0 -100.
(% of input)

Heat rejected 1.451 1.672 +15.2L (10• btu/hr)

__ _ I
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TABLE IV
I :Power Minimization

L BASELINE i OPTIEIZED CHANGE
PARABETER RESULTS_ RESLTS ()

iU
Total number of tubes 5230 6393 +22.2

% of tubes in cooler 7.0 7.4 +5.7

Tube length (ft) 10.3 1 13.34 +29.5

Tube inner diam. (in) .527 .667 1 +26.6
Tube wall thick. (in) .049 .0455 7.1

Tube outer diam. (in) .625 I .758 +21.3

Tube pitch 1.4 1.812 +29.4

Void diameter (ft) 1.10 1 1.13 +2.7

Bundle diameter (ft) 7.17 9.25 +29.0
i (c.f.ndenser volume 432.3 964.4 +123.1

Area rati 0.266 0.277 +4.1

Ccolant ialet vel. 8.473 3.00 -64.6
I 1(ft./sec)

Coolant mass flow 1.540 1.067 -30.7
rate (10' lbm/hr)

Head loss (ft H20) 7.35 1.11 -84.9
Pumping power (hp) 55.69 5.84 -89.5

Coolant temperature 9.90 16.3 +64.6
rise (OF) I I
L mean temperature 1 28.62 24.82 -13.3I dfference (OF)
Heat transfer area 8814. 16,921 +92.0

I (sq.ft.)

Average overall heat 574.9 393.8 -31.5
transfer co eficient
btu/(hr-s. f2t.-OF)

Stelam xit-fraction 13.3 1.0 -92.5
($ of input)

•Heat rejected 1.451 1.654 +14.0
(100 btu/hr)
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TABLE V

SPower minimization With Volume Constant

- - IBASELINE OPTIMIZED CHINGE
1PARAMETER RESULTS RESULTS()I I
Total number of tubes 5230 J 5062 +3.2I ( 4.% of tubes in cocler 7.0 6.7 -4.3
Tube length (ft) 10.3 I 11.39 +10.6

Tube inner diam. (in) .527 .594 +12.7

Tube wall thick. (in) .049 j .022 -55.1

Tube outer diam. (in) .625 .638 +2.1

Tube pitch 1.41 1.753 +25o2

Void diameter (ft) 1.10 | 1.14 +3.6I I
Bundle diameter (ft) 7.17 6.73 6.1
Condenser volume 432.3 431.6 -0.2
(cu.ft.)
Area ratio 0.266 | 0.297 +11.7

Coolant inlet vel. 8.473 6.74 -20.5
S (ft./sec)

Coolant mass flow 1.540 1.508 -2.1rate (107 lbm/hr)

Head loss (ft H20) 7.35 4.69 -36.2

Pumping power (hp) 55.69 34.77 -37.6

Coolant temperature 9.90 11.6 +17.2
rise (OF) 2

Loiean tengerature 28.62 27.63 -3.5
difference 286 -

Heat transfer area 8814. 9631.4 +9.3
(Sq.ft.) I

Averaqe overall heat 574.9 1 627.3 +9.1
transfer coefficient
btu/(hr sq.ft.-OF)

Steam exit-fraction 13.3 0.0 -100.
( of input)

Heat tejected 1.451 1.669 +15.0
(100 btu/hr)
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TABLE VI

Volume Minimization Vith Power Constant I

BASELINE OPTIMIHEO TCHANGE
PARAMETER RESULTS RESULTS 10)

--- _ _ _ __ _ __ -_ __ _ __ _- - -_______

Total number of tubes 5230 4867 -6.9

% of tubes in cooler 7.0 7.2 +2.9

I Tube length (ft) 10.3 10.92 +6.0

Tube inner diam. (in) :527 .581 +10.2

Tube wall thick. (in) .049 I .022 -55.1

Tube outer diam. (in) .625 .625 0.0

Tube pitch 1.4 1.739 +24.2

Void diameter (ft) 1.10 1.20 +9.1

Bundle diameter (ft) 7.17 6.41 -10.6

Condenser volume 1432.3 378.4 -12.4
(cu.ft.) I

Area ratio 0.266 0.299 +12.4
Coolant inlet vel. 8.473 8.27 -2.4
(ft./sec)

Coolant mass flow 1.540 1.701 +10.5
I rate (107 lbm/hr) I

Head loss (ft H20) 7.35 6.67 -9.3

Pumping power (hp) 55.69 55.80 +0.2

Coolant temperature 9.90 I0.34 +4.4
rise (OF)

Lol mean temperature 28.62 28.38 -0.8difference (OF)

Beat transfer area 8814. 8697. -1.3
(sq.ft.)

SAverage overall beat 574.9 677.4 +17.5
transfer coefficient

btu/(hr-sq. ft.- o F)

Steam exit-fraction 13.3 0.0 -100.
(% of input)

Real gejoed 1.451 1.672 +15.2~(I~ btulr)
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TA BLE VII

Volume Hinimization Vith Linear Variations

BASELINE OPTIMIZED CHANGE
PARAMETER RESULTS RESULTS ()

Total number of tubes 5230 5348 +2.3

% of tubes in cocler 7.0 7.3 +4.3

Tube length (ft) 10.3 8.7 -15.5

Tube inner diam. (in) .527 *.729 .583

Tube wall thick. (in) .049 .022 -55.1

Tube outer diam. (in) .625 *.773 .627

Tube pitch 1.4 1.75 1.441

Void diameter (ft) 1.10 1.28 +16.4

Bundle diameter (ft) 7.17 6.8 -5.2

Condenser volume 432.3 345.8 -20.0(cU. ft. )
Area ratio 0.266 0.298 +12.0

Coolant inleI vel. 8.473 9.0 +6.2
(ft./sec)

Coolant mass flow 1.540 2.48 +61.0
rate (10? ibm/hr)
Head loss (ft H20) 7.35 5.84 -20.5

Pumping power (hp) 55.69 71.1 +27.7
Clolantl tesperature 9.90 7.1 -28.8
r t= se (o )

msan tem prature 28.62 30.1 .3f erence (UP)

Heat transfer area 8814. 7746. -12.1
(sq.ft.)

Averaqe overall heat 574.9 713.1 +24.0
transfer coefficient
btu/(hr-sq. ft.-OF)

Steam exit-fraction 13.3 0.5 -96.2
(% of input) 1

Heat rejected 1.451 1.665 +14.7
(104 btu/hr) I I L_ I

inner row values followed by outer row values.
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vx. CONLgs.11

The intent of this research was to create a detailed

condenser analysis ccde capable of being coupled with a

numerical optimizer and to test the program to prove its

versatility. An additional objective was to validate the

analysis with existing data. The results of the test cases
were presented in Chapter Five; the resulting conlusions are

summarized here.

A. There were significant difficulties encountered in

formulating the complex condenser design anaysis, CONDIP, in

a way that was compatible with the optimizer C3PES/CONMIN.

However, the majority of those problems were overcome

resulting in the creation of a program which, when combined
with the optimizer, is capable of taking any initial design,

no matter how impractical or infeasible, and solving for an

optimum solution based on a set of pre-determited

constraints and design variables. There are still some

minor limitations as to the degree of optimization, but the

final design is usually within 10 pecent of the single best
optimum. In addition, the test cases indicate that as many

as ten design variables and six constraints can be used

simultaneously in the design optimization with CONDIP.

B. The test cases demonstrated the effectiveness of CONDIP
as a design tool for not only the conceptual design of a

condenser, but also in evaluating comparison studies based
on any number of design variable coabinations. The number of
possible combinations of design objectives, design variables

and design comstraints implies limitless possibilities to be

explored and evaluated.
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C. An attempt was made to verify CONDIP with existing data

with inconclusive results. Part of the blame can be placed
on the rather inadequate quality and quantity of the data,

but the general performance of CONDIP's condense: indicates

a weakness in the analysis. As stated earlier, the source of

the this weakness may be found in the correlations used for

condensate inundation. The constants used in the expression

for correcting shell-side heat transfer coefficients are

based somewhat on ccnjecture. Yet they play a significant

role in the overall condenser performance. Despite this
limitation, the ability to optimize CONDIPts detailed anal-

ysis is a significant step forward over using the tradi-

tional and limited HEI method.

D. CONDIP incorporates features that further increase its

* appeal as a design tool. By possessing the ability to

linearly vary pitch and tube diameter, a better under-

standing of how to improve condenser performance based on

its configuration is realized. The zapability to incorporate

shell-side tube enhancement is another added plus. The

possibilities that can now be investigated are limitless.
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In addition to the insight that this investigation has

given into the generation of automated condenser design

programs, it has specifically addressed the shortcomings and

pitfalls which may be encountered along the way and offered

possible solutions to overcome them. Presented below are

recommendations for furthering the developmentof CONDIP as

a completely versatile and accepted design prcgram.

A. Since the weak link and the most signifcant unknown in

condenser analysis is the effect of condensate rain in

typical condenser environments, subsequent research should

be devoted to investigating this phenomenon and developing

more precise analytic correlations. In pazticular, the

effects of velocity and flow direction on the condensate

film should be attended to.

B. Perhaps in conjunction with the above, a test condenser

should be constructed which is geozerrically similar to the
model proposed in CONDIP in order to physically observe and

record the condenser performance. This data coald then be

used to either verify CONDIP or strengthen some of its

anaysis. In addition, this condenser should be built such

$ that the tube bank can be arranged in any combination of

pitch, tube diameter and row spacing to fully appreciate the

effects of these variables.

C. A series of sensitivity studies should be conducted on

CONDIP to fully exercise its capabilities and determine the

relative effects of various designvariables on condenser

performance. Tradeoff studies sim-lar to those performed in
this research would be most benefi.ial to fully understand

condenser behavior.
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D. &dditicnal subroutines should be created which would

allow -tube enhancement to be a design variable. This
involves developing correlations between heat tansferz
enhancement and associated frictional losses. This type of
relationship can be developed for both tube-side and shell-
side enhancement.

E. Finally, it is recommended that additional refinement

be performed on the code to inczaase its capability and

flexibility. One such way is to somehow allow pitch, tube
diameter and tube wall thickness to vary linearly by row

while still allcwing the number of tubes to be a design

variable. The options available are limitless.

9
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HIENDIX I
GLOSSARY

While it would mcst beneficial to present a complete

glossary of all the variables used in CONDIP, the sheer

number makes it difficult to present a comprehensive list.

However, CONDIP makes liberal use of comment cards to define

as many variables as possible to make the code easier to

follow. Therefore, the computer listing in Appendix C is

available for reference. A list of the possible design vari-

ables and constraints is provided here along with its corre-

sponding position in the GLOBCS common block for easy

reference in writing the appropriate COPES data cards. In

addition, it will be specified whether these variables can

be used as design constraints or design variables.

1. ALST: The length of the condenser and cooler tubes in

feet. ALST is to be used only as a design variable.

2. DELWP: The pressure difference between the inlet and

outlet coclant headers of the condenser bundle in psi.

DELIP is to be used only as a design variable.

3. DELWPC: The pressure difference between the inlet and

outlet coolant headers of the condenser bundle in psi.

DELVPC is to be used only as a design constraint.

4. GFLO : The mass flow rate of the coolant in ibm/hour.

GFLOW cannot be used as a design vriable simultanouesly

with VELBI. Otherwise it can be used as a design variable

or a design constraint.

5. SIDJ: The tube inner diameter of the innermost row of
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the condenser bundle in inches. SIDI is to be used ony is

a design variable.

7. U : The tube inner diameter Df the outermost rcw of

the condenser bundle in inches. If there is to linear

variation of tube inner diameter then this variable repre-

sents the tube inner diameter of the entire ccndenser

bundle. SIDO is to be used only is a design variable.

8. PHP: The coolant pumping power in horsepower. PHP is to

be used only as a design constraint.

9. RSPA: The spacing between ccncentric rows in the con-

denser bundle in inches. RSPA is to be used only as a

design variable.

10. RADN: The inner void radius of the condenser bundle

in feet. RADINS is to be used only as a design variable.

11. REj: The tube-side Reynolds number of the coolant in

the innermost row of the condenser bundle. REWI is to be

used only as a design constraint.

12. REWO: The tube-side Reynolds number of the coolant in

the outermost row of the condenser bundle. If there is no

linear variation of tube inner diameter then this variable

represents the tube-side Reynolds number of the entire

condenser bundle. REWO is to be used only as a constraint.

13. SDDI: Tube pitch (tube spacing/tube outer diameter) of

the innermost row cf the condenser bundle. SDDI is to be

used only as a a design variable.

14. §RDl: The tube pitch of the outermost row of the con-

denser bundle. If thero is no linear variation of tube

pitch then this variable represents the tube pitch for the

entire condenser bundle. SDDO .s to be used only as a

design variable.
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15. SLDI: Ratio of tube length to tube outer diameter of

the outermost row of the condenser bundle. SLDI is no be

used only as a design constraint.

16. SLDO: Ratio of tube length to tube outer diameter of

the outermost row of the condenser bundle. If there is no

linear variation of tube pitch then this variable rere-

sents the tube pitch for the entire condenser bundle. SLDO

is to be used only as a design constraint.

17. VELBI: The velocity of the coolant in feet/sec. VELBI

cannct be used as a design variable simultanecusly with

GFLOW. Otherwise it can be used as either a design

constraint or as a design variable.

18. XW1: The ratio of tube thickness to tube inner diame-

ter. XW1 can be used o.ily as a design variable.

19. XW2: Tube thickness in inches. XW2 is to be used only

as a design variable. XW2 and XW1 zannot be used siaultane-

ously.

20. VOL: The overall condenser and cooler volume in cubic

feet. VOLt is to be used only as a design constraint.

21. VOL2: The volume occupied by the tube bank, excluding

the volume of the inner void, in cubic feet. VOL2 is to be

used only as a design constraint.

22. TNOTOT: The total number of tubes in the condenser and

cooler combined. If Option 1 is being used than TNOTOT is

to be used only as a design constraint. If Option 2 is

being used then TNOTOT is to be used only as a design vari-

able.

23. BNDBAD: The condenser bundle in feet. BNDRAD is to be

used only as a design constraint.

24. ARAU2-: The ratio of the total cross-sectional area of
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the tubes (based on the tube outer diameter) to the tube
sheet area. hRATIO is to be used only as a design

con straint.

25. gL : The tube cuter diameter of the innermost row in
inches. ODII is to be used only as a design constraint.

26. U2Q1: The tube outer diameter of the outermost row in
inches. if there is no linear variation of tube inner
diameter thea this variable represents the tube outer diam-
eter of the entire condenser bundle. ODOI is to be used
only as a design constraint.

27. VLCMAX: The maximum allowable steam velocity into the
cooler. VLCHAX can be used only as a design constraint and
only when a cooler is being designed in the system.

28. FRCCLR: The percent of the total number of tubes in the
cooler. PBCCLR can be used only as a design variable.
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AzinhjI A
USERS UANULL OR CONDIP

This appendix describes the data cards that are neces-

sary in order to couple any design program with

COPES/CONKIN. Also described are cards illustrating data

input required by CONDIP to initiate analysis. Thus, the

data is diviled into the COPES/C3NMIV program section and

the CONDIP-based condenser design program section.

The COPES data is segmented into "blocks" for conven-

ience. all formats are alphanumeric for title, end and stop

cards; 10 for real data, and 11D for integer data. The

formatted input may be overridden by inserting coumas

between data entries. Comment cards may be inserted anywhere

in the data stack prior to the end card and are identified

by a dollar sign (S) in column 1. rhe COPES data stack must

*terminate with an end card containing the word "END" in

column 1-3. It should be noted that information pertaining

only to single analysis and optimization is presented here.

Information concerning the other options available in COPES

along with further explanation of ZO[sS capabilities can be

found in (et. 13].

The analysis data is also segmented into blocks for

convenience and they begin immediately following the "END"
card in the COPES data. No comment cards are permitted here,i

and the analysis data stack must terminate with the word

"STOP" in columns 1-4. This is where the initial design
values are placed for entry into COIDIP.

Default values are recommended for use in the following

COPES data cards unless otherwise noted. It is recommended

that these values in the COPES data blocks be used until the

user becomes familiar with the program. In addition a
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sample data input is illustrated in figure 3.1I at the end of
this appendix.
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3ZUC IT: COPES Title Card

12 3 41 5 6 78

'I TITLE

IAmin:
1) This line is available for a briaf description.
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f.IP"IN: COPES Program Control Parameters

hZ: o7110

1 2 3 4 5 6 7 8

NCALC I IDV

~LLD CONTINXI

1 ECALC: Calculation control
0 8ead input and st~pt Dataof block -i s re uired: Remaini ng ata is optonll.

1 .One clc~ through the program. *a .a of
lock_ A-B is reqaired. Remaining datas eptional..

2 0pti a blocks A. is
req~uiz9ed,~ eaaaang&ata is opt onal.

2 VDV: mber 3j inoependenttfesign waiftbies

st udy.

1) Field I determines program execution
2)p11elds 3-8 are to be left blank for the CONDIP
applicataion of COPES/COXHIN.
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Bz.A ftgs
MUZT: COPES Integer Optimization Control Parameters

Z1jkZ 8110

1 2 3 4l 5 6 7 8

I PRIIT ITIIAX ICNDIB USCL I NOBJ U&C~H1N FD

JUJ iONiLZiiiII

X PRIE?: Print control usel in optimization
0 o Ioptimization,
I r It inta ad final ot

2 tabo sfnt value and
0n ri i nontec.ieain

Ia h itertio
rtabove is ;radient inomton.

rqdel m ing ata is optiona1.
2 IUAX: Hitimus nueof o imization iterations

3 ICNDIR: ?::;gae ivt±!; estart parameter.
09AUL owe D +

4 ISCL: Sa raotmaqnG a dei n~r

aabs acco ring ;o. aling values
npu. DP UT a16 cal ag.

5 ITIH: Number of ubsegurn t iterationu which
must satif rqa vpr abso at
couverr CI criterion before op ttmization
proc..at terminated. DEPIUL .

6 L11033: in T o cive funct on ident iflter.t

Se a a:unct on o the 9 Ug
ts .1.509 a I 2 L~d 1.

7 NACIM: out lu the maimum number af active
7 MAU 1:conhtraints antic pate . DEFU LT *ND!.2.
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an 1LQ Q (Continued)

8 VIDG: Finite difference gradient ideatifier.
0 1 g1ra $jnt information is computed byzze a~zeae

1Gra qnt of objective is computed
anay call . Gralients of constraints

•~t at €sne o ni'tedifferen ce.,
2 1 graK out formati U is cosee d

an alyt ica lly

ll value f NSCIL a 0 is suggested and ZTRN a NAC5X1 0
shudbe Used.

vall• *f IPRIN jatereduced vhen the user becomes
Ralkl- V t 0OP 0output.

I))Thtldefault values will b used if the card is either
eft ank or a value of zero snteed.0 grobhep it is itherai

t) Pecause of the c~mplexity of the problej it is
to ive a.large valpe or ITRAX so t e problem w not
termate prematurely. Recomended valu is ITAX - 40

T hcor 1e ityof The condenser analysis ensure that nountonfr n ao "e oni e le ry depe deUt on any comb-
i of va fi usng the DEFAULT value

for LINOBJ.

1
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D.CRIQJ: -COPES Floating Point 3ptinization Program
Parameters

1 2 3 '4 5 6 7 8

FDCH PDCH CT CTRIN C TL CTLRIN THEA PHI !

1 FDCH: Relative change in design variables in
calculating fsnite difference gradients.
DEFAULT s 0.01

2 FDCHM: miniua absolute step in finite difference
gradient calcu atons. DEFAULT = 8.001.

3 CT: Constraint thickness parameter.
DEFAULT - -0.1.

MI nim a ute value of CT considered
4n t Cp ization process.DEFAULT 04O OL

5 CTL: Colstraint t hickoess parameter for linear
ana Side constraints.

6 CTLEIN: finigun abo lute value of CTL considered
in the optia zation process.DEFAULT - 0.001

7 THETA: Rea Val 0 of ush-af fator in themet d ol feasfble irect ons.
DEFAULT a 1.0

8 PHI: Participation coefficient, * ed if one or
nore costraints are violatedi
DEFAULT * 5.0.
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BLOC f (continued)

1211U: 2P10

1 2 3 4 5 678

II I I I

I DELFUW: Minimum relative zhange in objective
fuuntltoutto indicate convergence o61
opt izat on process. DEPARLT = 0.0.

2 DIEFUN: liings uabsolultp zhange in objective.
Zunction to adIcits convergence of the
op tinizato rocpss. iita
D PAULI a 0. 8 p xe 1h initia
object we. valne.

1) Note that data foIt Data Bac s etred on two
separate cards. b ban rd adica es the aefault value is
to be used.

FCf~t~oDT iso~ 1o thanJ8 3, the recommended value for
s btween 0.5an 0 o
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MUALUPTIT.: Total Number of Desiqn Variables, Design
Obective Identification and Sign on Design
Ob iect ve.

12li&Z:2110, F1O

1 2 3o4 5 6

3DVTOTIoBJ jSGNoPT "

• - , ZIIZI

t1 NDVTOT: Total number of variables linked to the
design variables. NDVTOT must be greater
or equal to NDV. .his option allows two or
norq parameters to be assigned to a single
design var abl:. Zh9 value of each

pazmears th valu of te design
vriablo times a multiplier which may be
d fferent for each parameter.

,* DEFAULT a NDV.

2 IOBJ: Gicbal variable numaer .asfociated with
ob1qctve u ncion in opt eat 2on or
opfimum sensitivity analysiSo

3 SGIOPT: Sig use on b ecti of o mizaton
to In nttfyr w~nI zh n
maxsm zed ru.ni ze8, .1.0 ipdi.ctes
maLLmization; -1. nm dCat s minimization.
DEFAULT - -1.0

W Curentli thire are not an vaiables in CONDIP which are

Sketo a V*hd gn vai as. Therefore the DEFAULTvaJueS is 684 1 2or DT.
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-DIZI -9

2 RZZ.T : Design Variable Bounds, Initial Values, andscaling Factors.

L'hAZ: 4F1o

1 2 3 4 5 6 7 8

VLB IVUB I SMA

1_MAL Le on the esia

1 VLE: Lover bound on the design variable.
2 VUB: Upper bound on tha design variable.

3 X: Initial value of the desiqn variabl the
I.X is non-zero this .wil superceeh
value initialize& by subroutine ANALIZ.

4 SCAL: DesigDfvariable s:;leBactor. Not
usea NSCLLZ 0 in ock C

) here ust be one sepa; e data cqrd for 9ach design var-
able. Terefore there vi be NDY data cars .

) Tor all applicalons with COIDIP6 initial vales for the
design varia.Des vi be entered through t h INPUT subrou-
tine called in IN&LIZ.
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RF.J:PTIO: Design Variable Identification

g_.R! : 2110,FIO

1 2 3 4 5 6 7 8

NDSGN IDSGi MAHULT

1 NDSGN: Design variable number associated
with the variable.

2 IDSGN: Global varia le number associated
with the variable.

3 kNOLT: Constant multiplia. on the variable.
The value of the variable will be the
value of the desi n variable, NDSGN, times
AMOLT. DEFAULT = 1.0.

1) There msst be one sepa ate card for each of the NDVTOT
design var.ables. Theqj data cards must follov the sameorder as the corresponding design variable parameter cardsin Block F.

10
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-! RjTION: Number cf Constrained Parameters.

i~i. IOMUMA: I 10

1 2 3 4 5 6 7 8

CCONS

1 NCONS: Number of constraint SETS in the
optimizat ion problem.

1 If two or more adjageit parameters in the Global ccmuon
block have the same limits imposed, these are part of the
same constraint set.
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2nqaIPZTIO: Constraint Identification and Bounds.

RA2: 3110

1 2 3 4 5 6 7 8

KCONI CON LCON

I ICCd: First Global number corresponding to
the constraint set.

2 JCON: Last Global number corres pondinq to
the constraint set. DEFALT = ICOo

3 LCON: Linear constraint iden ifie for
this set of constrained variables.
LCCN I indicates linear constraints.
DEPAULT = 0 N Nonlinear constraint.

1t I CONDIP there is onli Global number and thus one co
straint that comprise I.constraint set. Therefore c e
DEFAULT value is used for JCON.

2) ll the constrai ts in this analysis are not near. The
DEFAULT value was t ore ore usedfoLCNawel

3) his is the first card of a two card set which must be
read together.
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BLOCK (Continued)

ZIJUl: 'P 10

1 2 3 45 6 78

BL SCkL1 BU SCkL2

1 BL: Lover bound on tha constrained variables.
Value less than -2.03E15 is assumed
unbounded

2 SCALI: Normalization factor on lover bound.
DEPAULT - fax of ABS(BL) or 0.1.

3 BU: Upper bound on the constrained variables.
value reater than +2.0E+15 is assumedunbounded.

, scL2 oalzaton factor on ugoe5.jound.DE ALT a- Max of kBS(BU)

1)Thu noroalizatioi factor can usvally be defaulted, with
t0e nota tie XCSPt lcn O: exit fraction. the norma1za Ion
factor used for this constraint is usually ton tines the
upper bound.

,1
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211lU .,U: COPES Data 'EID' Card.

. IIkIZ: 3aL

1 2 3 4 5 6 7 8

EZD

1 The word 'BID' in column 1-3.

1) This card IL appear at the end of the COPES data.

2) This ends the COPES input deck.

Q
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2MR.UU21: Geometry Option

I :15

1 2 3 4 5 6 7 8

XZOPT

1 IOPT Two condenser geometric options
1 IOjT - 1. Number of condenser rows is

a input as a constant; the number of
tubes is a de pnlant variable.
Use data blocks ER FF, and GG.

2 IOPT = 2. Number of tubes is allowed
to be an independent variable and the
number of rows is a dependent variable.
use data blockf HH and Ii.
DEFAULT.va ue is 1OPT = 2.

1) Data is right-justified and blanks will be interpreted as
zeros.

21.ff OPT - 1, a smaller figite difference (IDCRi can be u-
t'.ized n data .lqck Q. Thi s 9c bgcuse w :tht his option
the design analysis is less sensitve to the problems
discussed earlier. Recommended us.ng the DEF&ULT value of
0.01 for FDCH.
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kLSjUj : Condenser Orientation

12U kT: 115,3F10

1 2 3 4 5 6 7 8

ISEC S C3D Pa PRCCL5R

1 ISEC The number of se.o ors in the condenser.

2 SECUID Sector width in degrees of arc.

3 PHI symmetry angle measure from the vertical.

4 PRCCLR The percent of the tubes in the cooler.

I Data BB is required, no matter what geometry option is.s en.

2) The only limitation on XSEC ajd SECVID is that their p;9"
uct iS les that 360 deqrees. If the efodauct s ixactly3o0

dlgreea, certain trig nometr ic unc n ill return a8 ngularity.

3) PIZ .slhat angle from the vertical that cuts the conden-

4) Data is right-justified and blanks will be interpreted as
zeros.
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_jpnovZ2: void Size, Tube Length* Rov Spacing

~UAZ:3710

1 2 3 '4 5 6 78

IDINSIAUST IRSPAI _F
1 RADIUS The inner void radius; feet.

12 &LST The tube length; feet.

3 aspi ocs.ri row spacing about the void;

I DtaCC is required, no matter what geometry option is
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DUSRIZ2f: Tube material Parameters

PzK&: 15,410

1 2 3 4 5 6 7 8

IVILL IV TUBRSIKU FOOL

I hIALL A Flag indicating the tube thicknessspecifica leao.I I A L Tub l. ickness is input as
tilo of tube ti :kness to tube inner

2 dL = a . Tub* thickness is iput in

2 IV The input or vall thickness, dependent on
the value ior hILL.

3 TUBESV fpecift Weight of the tube matq-ial;8b/(cu, ft.)1

4 SKV Tgbe sa t erialtheimal conductiv ity;(bee-ft) /(sq. ft. e'r-F)

5 FOOL Tube fouling factor.

11 Data DD is required, no matter vhat geometry option is

2) Data is right-justified and blanks viii be interpreted as
Zeros.
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r: ~a BILOCK I I

fUnU XmI: lumber of RoWs

,11

1 2 3 4 5 6 7 a

LILI, loKL.It~ r

I NORMUS The number of concentric rows in the
condenser bundle built around the center
void

1) Data El is used gZy when IOPT a I
2) Data is right-justified and blanks will be interpreted as
zero s

i1
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DEICUPTI Tube Inner Diameter

ZOIUT: 115,2F10

1 2 3 4 5 6 7 8
} ~ADIAM SIDO SD

1 ADIAN A flaq t3 indicate whether tubs inner
diameter will linearly vary by row through
the condenser bunile.

1 HDIAN a 1. Tube ianer diameter is uniform
through the condenser bundle.

2 DIAN = 2. Tube inner diapeter varies
linearly through the bundle by row.

2 SIDO Tube inner diameter of the outer row;
inches.

3 SIDI ube inner diameter of the inner row;Inches.

1) Data F? is used 2 when IOPT * 1
2) Data is right-justified and blanks will be interpreted as
zeros.
k Ccoler tubes use the inner liameter of the innermost bun-
Le row*

4,) The DEFAULT value is HDIAK u 1
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i p.%Lt BLOCK

2=P PTfg: Tube Pitch

7 " JOj : 115,2F10

1 2 3 4 5 6 7 8

KPITCH SDDO SDDIS t

CQJTEr;

1 HPITCH A flaq to indicate whether tube pitch
vil linearl~vary by row through the
CO nen ser bule.

1 HPITCH a 1. Tube pitch is uniform through
the condenser bun l.

2 HPITCH = 2. Tube pitch varies linearly
through the bundl by row.

2 SDDO Tube pitch of the outer row;

3 SDDI Tube pitch of the inner row;

1) Data GG is used ly when IOPT a I
2) Data is right-justified and blanks will be interpreted as
zeros.

3) Ccoler tubes use the pitch of the innermost bundle row.

4) The DRFAUL? value is IPITCH = 1
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DE.C IP,1ZQJ: Tube Inner Diameter and Tube Pitch

1 SIDO Tube inner diameter for the entire
coadenser; inches

*2 SDDO Tube pitch for tha entire condenser

1) Data HE is used 9.L when IOPT
2) Data is right-justified and blanks will be interpreted as

* zeros.

3In the clilculations, JIDI is lot equal t9 S[DO and SDDI
1set squai to D DO. Ths avoids toe need for two systems

nomen dJ.ature fr each ge ome try opt ion.
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_EI.ZPTION: Total Number of Tubes in the Condenser

mol Az: P12

1 2 3 4 5 6 7 8

TIIOTOT

1 TMOTOT The total number 3f tubes in the
condenser (cooler and the bundle).

1) Data II is used on_ when IOPT - 2.

2) Data is right-justified and blanks will be interpreted as
zeros.
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DECBL : Inlet Steam Mixture.

1 2 3 4 5 6 7 8

JGA 1S WN1 1

g2NTENrs

1 JGAS A Flag indicating ths type of
non-condensable gas entering the system.

1 JG&S = 1. This indicates that the gas is
air.

2 JGAS = 2. This indicates that the gas is
carbon dioxide.

3 JGAS = 3. This inlicates that the gas is
a mixture of the two.

2 WSI Steam flow rate entering the condenser;
Ibm/hr.

3 UNCIR Rato of the non-:ondensable gas flow
to inlet steam flow; ibm/hr.

1) Data J is required, no matter what geometry option is
, Chosen,

2) Data is right-justified and blanks will be interpreted as
zeros*
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D&Ai 1L0C KK

DESCIPTION: Inlet Temperatures.

o9Rj AT: 2F10

1 2 3 5 6 7 8

I STBI Coclant inlet temperature; OF.

2 STS&?I Inlet steam saturation temperature;
OF.

REM~j§

1) Data KK is required no matter, what geomet-y option ischosen.

2) Data is right-justified and blanks will be interpreted as
zeros.
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DE1ZI I : Cooling Water Parametars

ZQ.UAZ: 2F 10

1 2 3 4 5 6 7 8

IFLOV X5

A a

1 IFLOW & ccntrol flag for cooling water
specifications.

1 IFLOW = I. Input pressure drop across
cooling water hea ers in psia.

2 IFLOW = 2. Input cooling water velocity
in ft/sec.

3 IFLOW = 3. Input coolant flow in ibm/hr.

2 X5 actually input the value for flce into
this variable. The specification for flow
to be determined dy IFLOW

I Data LL is required, no matte= what geometry option is- closen.

2) Data is right-justified and blanks will be interpreted as
zeros.
3) X5 acts as a temporary allpurp3se storage variable for
whatever expression for coolant flow is used.
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j DE CU_ IO: Internal Enhancement Regions

I j~j: Is

1 2 3 4 5 6 7 8

LT D C-I---

1 NEI Number of internal enhancement regions.
k value betveen 1 and 6.

1) Data NH , optional. There must be NEI subseue4t data
cards providing the necessary paramaters for each legion.

2) enhancement can only be used if rOPT = 1.

3 Data is right-justified and blanks will be interpreted as
zeros.

4l) This value vas zero for all runs.

ii

j I
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QZSCRI.Qj: Internal Enhancement Parameters

JR Q.T: 215,3F10

1 2 3 I 5 6 7 8

NRYI NETI III BC B'

1 NRNI Row number of first row in internal
enhancement region.

2 .ETI Number of tubes in each intgrnal
enhancement region.

3 ENI Internal heat trausfer enhancement
factor.

BC Coefficient in iternall yenhan~ed tube
coolant pressure 2rop calculation.

5 BE Er cnent in coolant pressure drop
cal culati on.

1 Data Is is optional. However, 4f III is greater than zero
then there must NEI "NN" data cardis to prova the necessary
data for each enhancement region.

2) enhancement can only be used if IOPT = 1.

i V 3) Data is right-justified and blanks will be interpreted as
zeros.

4) These values ar constant for entire run and cannot be
changed by the opts szer.

5) This value was zero for all runs.
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iUILOCK 22

DESl]UPT : External Enhancement Regions

mu~l: 1I

1 2 3 II 5 678

1NEE Number of external enhancement regiors.
A value between 1 and 6.

1) atar00 i*,optional. There must bea IE ubsenqeiit data
- I 

4crds prov i2g the necessary parametersylor each og ion.

3) Data is right-justified and blanks wili be interpreted as
zeros,

4) This value was zerc for all runs.
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II............._ _ __I_ __II

DZ.jap.no: External Enhancement Parameters

E~fljZ:215,2? 10

1 2 3 4 5 6 7 8

URNE YET T ENO ZVR

1 NilE Now number of first row in external
enhancement region.

2 VITE Number of tubes in each external
enhancement region.

3 ElI External heat transfer enhancement
ractor.

4 EUH Steam-side pressure drop factors.

1) Data PP is optional. Hover, 4 F NEE is greater than zero
then there must N13 "FP" data caras to provide the necessary
data for each enhancement region.

2) Data is right-justified and blanks will be interpreted as
zros.

3) Enhancement can only be used if IOPT a 1.

4) These values arg ;cnstant for an entire run and cannot be
changed by the optimizer.
5) This value was zero for all runs.
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DkT k IL2Z 2

DElGPZP-I: Baffle Options

IMA2T: 15

1 2 3 4 5 6 7 8

IBkP

1 IBAF A flag to be used to determine baffle
number and location.

1) Data QQ is optional.

2) Data is right-justified and blanks will be interpreted as
zeros,
3) These values are constant for an entire run and cannot be
changed by the optimizer.

4) additional specified baffles were not used in any of the
runs. This valaue was zero for all runs.

1
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DAZIL2 U

M. 3jfl.J: Baffle Location

.' Igjjj: i5

L..11 2 3 4 5 6 7 8

1 JBAF An array containing baffle locations

1) Data RE is optional.

2) Data is right-Justified and blanks will be interpreted as
zeros.

3 The a s artjonstant for an entire run and cannot becangoebya th pt szer.

4) Additinal specified baffles mere not used in any of the
runs. This value was zero for all runs.

r
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/



DI.UUZ29: Detailed Printout

J iIAZL: Is i

1 2 3 I 5 6 7 8

JI P R T . _

CON TZIj

1 IPRT I flag to qenerate a detailed output
of the condense: analysis (OUT3)

1) Data SS is optional.

2) Data is right-JUstified and blanks will be interpreted as
zeros.

31 Thes values arg constant for an entire run and cannot be
changed by the optimizer.
4) This value was zero for all runs.
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I

VOLUME MINIMIZATION - CIRCULAR CONDENSOR

~2.

0

071, 1.

2. 100
1:1
2 22
3:14
4 17

.I25,,1 I

6, 7
7,105929

5
a*.OE+15#t 901, .01

Z3*5, ,5.
24
.l,.30
26
.625., 1.25
28
-Z.E+1 5, .200.
END 2

12 29.99 180. 7.0
0.55 1093

2 .049 282. 26.0 .0002
.527 1.40
5230.050161 970. .0000371

76.66 110.52
2 8.473

04: 0

IPi. q : .I Saaple Data Input.
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P I1.U 
COIDIP LISTING

The following appendix contains a complete listing for

CONDIP. An effort has been made to take the program as read-

ablq as possible through liberal use of comment zards.

i
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